
NATIONAL TECHNICAL UNIVERSITY OF UKRAINE çIGOR 

SIKORSKY KYIV POLYTECHNIC INSTITUTEè 

 

Faculty of electric power engineering and automatics 
 

Automation of electromechanical systems and the electrical drives department  

 

çOn the rights of the manuscriptè 

UDC ______________ 

çDefense allowedè 

Head of Department 

__________  Sergiy Peresada 
(signature)            (Name, Surname) 

ñ___ò_____________2020 y. 

 

Master thesis 
 

specialty 141 ï Electric power engineering, electrotechnics and electromechanics 

 

specialization ï Electromechanical systems of automation, electrical drives and 

electromobility 

 

on the topic: Adaptive control of the interior permanent magnet synchronous motors   
 __________________________________________________________________________  

 __________________________________________________________________________  

Performed by student   VI   year, group     EP-81MN     a      

 
                                           Dmytro Illich Rodkin                                      __________  

(Name Surname) (signature)  

Supervisor   a            Dr. Sci., Prof. Sergiy Peresada                 aa     ________ 
(post, academic degree, academic title, name and surname) (signature)  

Advisor                                                                                                  _________  
(Section)     (post, academic degree, academic title, name and surname) (signature)  

Reviewer     a       Dr. Sci., Research fellow Ivan Shapoval       aa      ________ 
                                                 

(post, academic degree, academic title, name and surname) (signature)  

Institution           The Institute of Electrodynamics  

 

I certify that in this master's thesis, there are 

no borrowings from the works of other 

authors without corresponding references. 

Student            _____________ 
            (signature) 

 

ʂyiv 2020  



2 

DIPLOMA PROJECT INFORMATION 

 

ˉ  
F

o
rm

a
t 

Marking Designation 

P
a

g
e
s 

Note 

1 ɸ4  Task for the diploma project 2  

2 ɸ4  Explanatory note 117  

3 A1  

Structural scheme and block 

diagram for the speed control 

algorithm 

1  

4 A1  

Simulation and experimental 

results for the speed control 

algorithm 

1  

5 A1  

Structural scheme and block 

diagram for the position 

control algorithm 

1  

6 A1  

Simulation and experimental 

results for the position control 

algorithm 

1  

7 A1  

Structural scheme and block 

diagram for the adaptive 

position control algorithm 

1  

8 A1  

Structural scheme of the 

adaptive observer and 

simulation results for the 

position control algorithm 

1  

 

  
Ch. ʃʠʩʪ ˉ ʜʦʢʫʤ. Sign Data 

Page 
2 

 

Developed Dmytro Rodkin 

Supervised Sergiy Peresada 

Reviewed  
 Reg. Control 

Ivan Shapoval 

Serhii Buryan 

Appproved. Sergei Peresada 

Adaptive control of the interior 

permanent magnet  

synchronous motor 

Lit  Pages 
 

NTUU ñKPIò 

Dep. AEMS-ED 

Gr. EP-81mn 



3 

 

 

 

 

 

 

 

Explanatory note 

to the diploma project 

 

 

topic: aAdaptive control of the interior permanent magnet synchronous motors 

 

 

 

 

 

 

 

 

 

 

 

Kyiv 2020  



4 

NATIONAL TECHNICAL UNIVERSITY OF UKRAINE çIGOR 

SIKORSKY KYIV POLYTECHNIC INSTITUTEè 

 

Faculty of electric power engineering and automatics 

 

Automation of electromechanical systems nad the electrical drives department  

 

Higher education level - the second (master's) in educational and professional program 

 

Specialty 141 ï Electric power engineering, electrotechnics and electromechanics 

 

Specialization ï Electromechanical systems of automation, electric drive and 

electromobility 

 

 

APPROVED 

Head of Department 

__________  Sergiy Peresada  
(signature)            (name, surname) 

ç___è_____________2019 y. 

 

TASK 

for the master's thesis of the student 

A                   Rodkin Dmytro Illich                  a 
(full  name) 

1. Thesis topic çAdaptive control of the interior permanent magnet synchronous 

motorsè 

Supervisor                                         Dr. Sci., Prof. Sergiy Peresada                           , 

     (post, academic degree, academic title, full name 

approved by university order of        ç     è                    20__ y. ˉ_____ 

2. Submission term                

3. Object of study Processes of the electromechanical energy conversion of the interior 

permanent magnet synchronous motors.  

4. Input data: Tested interior permanent magnet synchronous motor parameters: rated 

power 3 kW, rated current 5.4 A, rated torque 13.6 Nm, rated speed 220 rad/s, q-axis 

inductance 58mH, d-axis inductance 31mH, stator resistance 1.7Ohm. 

5. The list of tasks to be completed: 

1. Survey of the existed methods for inductance determination considering 

saturation for the IPMSMs. 

2. Development of the tests for inductance determination methods that will 

combine simplicity, high accuracy and convenience of usage. 



5 

3. Development of the speed and position control algorithms for the IPMSMs. 

Verification of validity of usage of the control based on the non-saturated motor 

model for the small saturated IPMSMs. 

4. Development of the position control algorithm with adaptation to the mechanical 

parameters for the IPMSMs.  

6. List of graphic (illustrative) material: Structural scheme and block diagram for the 

speed control algorithm, Simulation and experimental results for the speed control 

algorithm, Structural scheme and block diagram for the position control algorithm, 

Simulation and experimental results for the position control algorithm, Structural 

scheme and block diagram for the adaptive position control algorithm, Structural 

scheme of the adaptive observer and simulation results for the position control 

algorithm. 

7. Indicative list of publications 4 publications 

8 Advisors to the thesis Sections  

Section 
post, academic degree, academic title, surname and 

initials) 

Signature, date 

Task 

issued 

Task 

accepted 

    

9. Date of issue of the assignment 

Calendar plan 

 ̄
The name of the execution stages 

Master's Thesis 

The term of completion of 

the stages of the master's 

thesis 
Note 

1 Analytical survey 13.01ï02.02  

2 Derivation of the motor model 03.02-16.02  

3 
Description of the inductance determination 

methods  
17.02-01.03  

4 
Derivation and research of the speed and 

position control methods of the motors  
02.03-22.03  

5 
Derivation and research of the adaptive 

position control of the motors 
23.03-05.04  

6 Development of the start-up project 06.04-19.04  

7 Thesis formalization 20.04-04.05  

 

 

Student  ___________      _Dmytro Rodkin_ 
  (signature)   (name, surname) 

Supervisor ___________ ____Sergiy Peresada_ 
  (signature)   (name, surname) 

 

 

 

 

  



6 

SUMMARY  

Thesis contains: pages ï 117, drawings ï 38, tables ï 23. 

The goal of the of the thesis lies in development of the control methods of 

the IPMSM with the purpose of its research and improvement of efficiency and 

performance of the electromechanical system.  

In this thesis, analytical review of the inductance determination methods for 

the IPMSM is presented. After that two tests for inductance determination of the 

interior permanent magnet synchronous motors are proposed, analyzed and 

experimentally verified. Four methods are proposed to use to obtain static and 

dynamic inductances from the tests data.  

Speed and position control algorithms are derived basing on the non-

saturated model of the motor and its effectiveness was researched by means of 

experiment and simulation for small saturated motors. After that position control 

algorithm with adaptation to the mechanical parameters is designed and tested via 

simulation. Stability is proved using the second Lyapunov method.  

Derived algorithms provide asymptotic tracking of the controlled 

coordinates, and decoupling of the direct current component and mechanic 

coordinate control subsystems.  

INTERIOR PREMANENT MAGNET SYNCHRONOUS MOTORS, 

INDUCTANCE DETERMINATION, SATURATION OF THE MAGNETIC 

SYSTEM, ADAPTIVE CONTROL, MECHANICAL PARAMETERS 

ESTIMATION. 
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INTRODUCTION  

Interior permanent magnet synchronous motors (IPMSM) find their application 

in high dynamics and high precision drives. Due to presence of permanent magnets 

(PMs), torque and power density of the motors is significantly higher comparing to the 

other AC machines. Unlike the surface PM motors (SPMSMs) where permanent 

magnets are attached to the surface of the rotor, IPMSM is more reliable, maximum 

speed is usually higher. The only drawback of the motor is its cost, as nowadays 

technologies do not allow creating PMs artificially with equivalent flux density 

comparing to the ones from rare earth materials.  

The PMs are implemented into the rotor structure in the IPMSM. Due to this 

geometry, rotor of the motor has saliency. It leads to the several consequences: motor 

torque is created not only from PMs, but also from the reactive component caused by 

the difference between direct and quadrature axis inductances of the rotor; effect of 

saturation and cross-coupling on the motor behavior is significantly higher comparing 

to the non-salient analog. 

Thesis actuality . Conventional vector control algorithms demand information 

about six motor parameters for proper operation. Moreover, parameters are considered 

as constant values. Inductances variation due to saturation have to be considered in the 

motor model and control algorithm in order to avoid performance deterioration due to 

parameter mismatch. Therefore, derivation of the motor model where saturation and 

cross-coupling are considered is an open-ended question and has to be solved. Several 

approaches are proposed to determine inductances considering saturation effects. The 

most of the methods require special tests or ignore system nonlinearities with the 

purpose of simplification of the calculation, but it leads to output data accuracy 

deterioration.  

On the other hand, if motor saturation is comparatively small, development of 

more complex algorithm with considered saturation is questionable. In this manuscript, 

verification of validity of usage of the control based on the non-saturated model for the 

small saturated IPMSMs is made. 
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Another aspect of IPMSMs control that is also considered in the manuscript is 

online estimation of mechanical parameters of the motors. Proper estimation of the 

moment of inertia, friction coefficient and load torque are highly important in high 

dynamic applications, such as robotics or servo drives.  

Thesis relation with science programs, topics and plans. The thesis is based 

on the research made in the Automation of electromechanical systems and the electrical 

drives department of the National Technical University of Ukraine "Igor Sikorsky Kyiv 

Polytechnic Institute" and in the School of Engineering of the Warwick University 

during student exchange program.  

Research goals and tasks.  

The goal of the thesis lies in the improvement of efficiency and performance of 

the electromechanical systems based on IPMSMs by means of development of the 

advanced control techniques. The tasks of the thesis are following: 

1. Survey of the existed methods for inductance determination considering 

saturation for the IPMSMs. 

2. Development of the tests for inductance determination methods that will 

combine simplicity, high accuracy and convenience of usage. 

3. Development of the speed and position control algorithms for the IPMSMs. 

Verification of validity of usage of the control based on the non-saturated motor model 

for the small saturated IPMSMs. 

4. Development of the position control algorithm with adaptation to the mechanical 

parameters for the IPMSMs.  

Research object. Processes of the control of the electromechanical energy 

conversion of the IPMSMs. 

Research subject. Speed and position control algorithms of the IPMSMs with 

adaptation to the mechanical parameters. 

Research methods. Research is based on the modern control theory of the 

nonlinear systems. Following methods are used: second Lyapunov method, feedback 

linearizing control method and methods of modelling and experimental research. 

Scientific novelty of the obtained results is following: 
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1. Novel speed and position control algorithms for IPMSM is designed. Despite of 

the existing analogues, it allows decoupling of direct current component control 

subsystem and mechanical coordinates control subsystem. From the experimental and 

simulation analysis follows that proposed algorithms can be used for small saturated 

IPMSMs without significant performance degradation. 

2. Novel position control algorithm with online adaptation to the mechanical 

parameters for the IPMSM is designed. Unlike the existed algorithms, mechanical 

parameters are observed during operation and algorithm adapts to its variation.  

Practical value of the obtained results. Designed speed and position 

algorithms provide asymptotic tracking of the controlled coordinates that leads to 

improvement of the high-dynamics systems performance. Designed adaptive position 

algorithm observes mechanical parameters during operation that allows improving 

system performance especially if mechanical parameters are variable values.  

Publications. The main idea of the Master thesis is presented in 4 scientific 

articles, where 1 of them is an IEEE conference paper and 3 are published in Ukrainian 

scientific journals.  

Publications: 

1. Rodkin D., Zinchenko O., Peresada S. "Survey of the interior permanent 

magnet synchronous motor models considering saturation and cross-magnetization", 

International scientific and technical journal of young scientists, graduate students and 

students "MODERN PROBLEMS OF ELECTRIC POWER ENGINEERING AND 

AUTOMATION", Kyiv, Ukraine, 2020.  

2. Rodkin D., Zinchenko O., Peresada S., Kiselychnyk O. "Inductance 

determination of interior permanent magnet synchronous motor considering 

saturation", International scientific and technical journal of young scientists, graduate 

students and students "MODERN PROBLEMS OF ELECTRIC POWER 

ENGINEERING AND AUTOMATION", Kyiv, Ukraine, 2020. 

3. S. Peresada, V. Reshetnyk, D. Rodkin, O. Zinchenko, "Linearizing speed 

control and self-commissioning of interior permanent magnet synchronous motors", 

Bulletin of the National Technical University "KhPI". Problems of automated 
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electrodrive. Theory and practice, Kharkiv, 2019. no. 9, vol. 1334. pp. 36-42. (in 

Ukrainian). 

4. S. Peresada, Y. Nikonenko, V. Reshetnyk and D. Rodkin, "Adaptive 

position control and self-commissioning of the interior permanent magnet synchronous 

motors," 2019 IEEE International Conference on Modern Electrical and Energy 

Systems (MEES), Kremenchuk, Ukraine, 2019, pp. 498-501.  
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1 ANALYTICAL SURVEY OF PARAMETER  DETERMINATION 

METHODS  

Interior permanent magnet synchronous motors (IPMSMs) find their application 

in high-dynamic and precision drives, such as robotics and electric vehicles, because 

of high torque/inertia ratio, high reliability, high power factor and high efficiency. Most 

of these advantages are achieved because of presence of permanent magnets in motors 

structure (usually in the rotor). At the same time, the main disadvantage of the motors 

comparing to the other AC machines ï its cost ï is also caused by existence of 

permanent magnets. Equation Chapter (Next) Section 1 

A lot of types of the structure of the synchronous motors are existed. The most 

significant examples are presented in Fig. 1.1 [1]. 

 

Fig. 1.1 - Different types of the PM synchronous machines. a) Synchronous 

reluctance motor (SynRM); b) PM reluctance motor with ferrite magnets; c) PM 

reluctance motor with rare-earth magnets; d) IPMSM with distribution windings; e) 

IPMSM with concentrated windings; f) SPMSM with concentrated windings; g) 

SPMSM with distributed windings [1] 

In case of synchronous motors, total torque is combination of magnet torque 

(caused by PMs) and reluctance torque (caused by rotor saliency). Depending on the 

rotor structure in the configurations presented in Fig. 1.1, dominant torque source is 

different. Saliency and PM flux linkage relation define motor behavior in field 

weakening region. According to [2], configurations in Fig. 1.1 can be organized in 

ñIPM design planeò (Fig. 1.2). The p.u. PM flux linkage is relation between nominal 

voltage and open circuit voltage at nominal speed; saliency equals to d qL L=x . 

In Fig. 1.2 optimal design line is shown. This line corresponds to the special 

matches of magnet and saliency that leads to the optimal flux weakening capability , in 
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particular - possibility to operate with constant power at any speed with limited current 

and voltage.  

 

Fig. 1.2 - IPM design plane that shows optimal design line [1] 

Because of saliency, saturation effects of the machine are very distinct. 

Saturation effects cause parameters to vary nonlinearly, especially inductances along 

two axes. Modern control techniques require precise knowledge of the motor 

parameters for the proper motor operation. Therefore, variation of the inductances 

makes huge impact on the control performance [3] unless its change is a known 

function.  

A lot of methods exist to determine inductance values of the synchronous 

motors. They can be conditionally divided into two groups: a) those that require 

additional equipment [4]-[17] and b) those that does not [18]-[37].  

Overall, methods that require additional equipment are more precise and 

magnetic saturation can be considered during the test, however, as it follows from the 

name of the first group, equipment, such as blocking mechanisms, loading machines, 

hardware filters, DC supplies and so on, is required.  

Methods that does not require additional equipment, also known as self-

commissioning with free rotor or adaptive control method, require only common 

electric drive system with fully controlled inverter. Despite of the convenience of usage 

of the methods from the second group, their accuracy of parameter identification is 

influenced by many factors, such as external noises, the inverter nonlinearities, and 
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errors in reference frame transformation. Moreover, in the mentioned algorithms, all 

motor parameters are considered as constants, saturation and cross-coupling effects are 

neglected. 

The third group, that is not considered in the thesis, proposes to calculate 

inductances using Finite Element Analysis (FEA). This method allows to calculate 

motor parameters based on its geometry and materials [38]-[41]. Manufacturers use 

this technique to predict characteristics of the motor that has to be produced. 

IPMSMs model in rotor reference frame (d-q) considering cross coupling and 

saturation is following [4]: 

 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( )

qd
d d dd d q dq d q n q d q

q *d
q q qq d q qd d q n d d q

*

d d q d d q M d q

d d q d d q d

q d q q d q q

didi
u Ri L i ,i L i ,i p i ,i ,

dt dt

di di
u Ri L i ,i L i ,i p i ,i ,

dt dt

i ,i i ,i i ,i ,

i ,i L i ,i i ,

i ,i L i ,i i ,

= + + - Y

= + + + Y

Y =Y +Y

Y =

Y =

w

w

 (1.1) 

where du , qu  are stator voltages; d qi ,i  are stator currents; w is rotor speed; np  is pole 

pairs number, sR  is stator windings resistance; mY  is permanent magnets flux, 

( )d d qL i ,i  and ( )q d qL i ,i  are d- and q-axis static inductances; ( )dd d qL i ,i  and 

( )qq d qL i ,i  are d- and q-axis dynamic inductances; ( )dq d qL i ,i  and ( )qd d qL i ,i  are cross 

inductances; ( )*

d d qi ,iY  and ( )q d qi ,iY  are total flux along d- and q- axis respectively; 

( )d d qi ,iY  - flux along d-axis caused by currents. 

1.1 Inductance determination methods that require additional 

equipment 

Mainly two approaches are used to determine inductances from the model (1.1). 

The first one proposes to lock the rotor. In this case motor model converts into two 

independent series RL circuits, if cross coupling is neglected. The second approach is 
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to consider motor operation at nonzero constant speed at steady-state. Differential 

current components decay to zero in (1.1).  

1.1.1 Stand-still rotor methods 

There are several ways for inductance determination if rotor is locked. The first 

option is to observe current response to the voltage change, another words, to observe 

system behavior during transient. The second option is to apply AC high frequency 

voltage and observe current magnitude. In this case inductances are determined from 

frequency method. These methods will be thoroughly described below. 

Method proposed in [6] can be described requires locking mechanism. 

Disadvantages are following: additional DC supply is used and cross-coupling and 

saturation is neglected. Phases B and C are connected. Voltage step is applied between 

phases A and B. Phase A current and voltage between phases A and B are measured 

using current and voltage probe respectively.  

For d-axis inductance calculation, magnetic axis of the rotor has to be aligned 

with phase A voltage vector. Similarly, q-axis inductance is calculated if magnetic axis 

is orthogonal to phase A voltage vector. After that rotor has to be locked. 

In stand-still, IPMSM model converts to RL series circuit. Therefore, 

exponential change of current is expected if voltage step is applied. Time constant t 

is computed as time between transient start and moment when current value reaches 

63.2% of its steady state value.  

Inductance is calculated from time constant and resistance as  

 dq s

2
L R .

3
= t  (1.2) 

In [4] method based on flux calculation is presented. In the paper cross-coupling 

and saturation are considered, however nonlinearities caused by inverter are neglected. 

Rotor has to be locked during the test, and its position is known value. The idea is to 

calculate dynamic and cross inductances (1.1) from fluxes ( )q d qi ,iY  and ( )d d qi ,iY  

values. Inductances can be determined as [4], [7], [8]: 
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 (1.3) 

Flux linkages can be calculated from current and voltage transients. For instance, 

for ( )q d qi ,iY  computation, current di  is maintained as constant, voltage qu  is 

changing in stepwise manner as presented in Fig. 1.3. Current response is shown in 

Fig. 1.4. Time dependent flux ()q q tY =Y  is calculated from voltage ()qu t  and 

current response ()qi t  based on model equation in flux linkage terms: 

 
( )q d q

q s q

d i ,i
u R i .

dt

Y
= +  (1.4) 

 ( ) ( )
t

q d q q s q

0

i ,i u R i dt.Y = -ñ  (1.5) 
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Fig. 1.3 - Stepwise voltage change qu  for standstill test [4] 
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Fig. 1.4 - Currents di  and qi  during the standstill test [4] 
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Time dependent flux ()q q tY =Y  is determined for different di  current in order 

to obtain flux values for each currents value. Applied voltage value is selected so that 

current qi  values cover all operational range of the motor. Figure for dependence

()q q qiY =Y  for one di  current (in this case di 1A= ) is presented in Fig. 1.5 
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Fig. 1.5 - Characteristic ( )q d qf i 1,iY = =  obtained from the test data in standstill test 

[4] 

After that inductances ( )qq d qL i ,i  and ( )qd d qL i ,i  can be determined from (1.3). 

Similar approach is proposed for ( )dq d qL i ,i  and ( )dd d qL i ,i  determination. Static 

inductance can also be calculated from fluxes or model with fluxes (1.1) can be used 

instead.  

In [9] stator AC voltage method is proposed. Worth mentioning that voltage is 

applied in stator reference frame. Cross-coupling and saturation are neglected; motor 

has to have access to neutral point; AC power supply is required. Initially, rotor has to 

be locked so that magnetic axis is aligned with phase A. Method allows determining 

both axes inductances after three stages test. As saturation and cross coupling are 

neglected, motor model (1.1) is simplified and has a form of the series RL circuit: 

1. Small phase A voltage (anv ) is applied and the induced phase current ai  is 

measured. Considering that rotor is locked, steady-state voltage-current relation for 

PMSM is 

 ( )( )an s s ls A B av R j L L L i ,w= + + +  (1.6) 
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where sw  is voltage frequency, lsL  is the stator leakage inductance, AL  and BL  are 

components of the magnetizing inductances.  

2. Similarly, small AC voltage is applied to phase B for the same rotor position. 

After that open-circuit anv  voltage is applied and phase B current bi  are measured. 

This condition is represented as 

 A B
an s b

L L
v j i

2
w

+å õå õ
= - æ öæ ö

ç ÷ç ÷
 (1.7) 

3. After that rotor is realigned. Rotor d-axis is aligned with phase B by means of 

applying small DC voltage. After that rotor is locked. AC voltage is applied to phase 

C and open-circuit anv  voltage and phase C current ci  are measured. Voltage - current 

relation can be expressed as 

 A B
an s c

L 2L
v j i .

2
w

-å õå õ
= - æ öæ ö

ç ÷ç ÷
 (1.8) 

Considering that resistance is known, magnetizing inductances and stator 

leakage inductances are calculated from (1.6)-(1.8). D- and q-axis inductances are 

computed as 

 
( )

( )

d ls A B

q ls A B

L L 3 2 L L ,

L L 3 2 L L .

= + +

= + -
 (1.9) 

Frequency method is presented in [10]. In the test, inverter nonlinearities are 

considered. Test requires inverter-controlled motor. Drawback is that Cross-coupling 

and saturation are neglected. Initially rotor has to be locked. Determination is based on 

measurements of peak values of current and voltage if small AC voltage is applied to 

one of the motor phases. In order to exclude nonlinearities, AC voltage with two 

different amplitudes is applied and two current amplitudes are measured. 

In order to calculate d-axis inductance, magnetic axis of the rotor has to be 

aligned with phase A voltage vector. Inductance is determined as 
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a,amp1 a,amp2 2

d s

s a,amp1 a,amp2

V V1
L R ,

I I

å õ-
= -æ öæ ö-ç ÷w

 (1.10) 

where a,amp1V , a,amp2V  - voltage amplitudes, a,amp1I a,amp2I  - current amplitudes 

Similar situation is for q-axis inductance calculation. However magnetic axis of 

the rotor has to be orthogonal to applied voltage vector.  

In [11] frequency method using multisinusoidal signal is presented. Test requires 

motor connection to the voltage source inverter (VSI). Saturation is considered during 

the test. In order to study influence of cross coupling, additional dc supply is needed. 

The paper shows the procedure of generation multisinusoidal signal for identification 

of the d-q axis inductances considering saturation and cross-coupling. Test signal 

includes first 15 harmonics based on the fundamental 0 2 20 rad s=w p . Phase 

displacement for each harmonic is chosen using Schroeder phases method. Proposed 

method allows to decrease amplitude of the output current signal comparing to the 

similar test with one harmonic.  

Saturation effects can be evaluated when VSI is connected to phases B and C of 

the motor. Phase A is disconnected. Rotor d-axis is aligned with phase A voltage vector 

for qL  calculation, and orthogonal to phase A for dL  calculation. By controlling the 

average phase voltages, the dc component of the phase currents can be altered. In this 

way, the machine impedance can be measured for different dc values of the quadrature 

and direct-current components. Cross coupling can be evaluated if additional DC 

voltage is applied between phases A and C. 

In stand-still, motor model converts to series RL circuit, and total impedance 

along q-axis can be determined as 

 ( )
2q,i 2

q,i q,i 0 q,i

q,i

V
Z R iL

I
= = +w , (1.11) 

where ( )i 1,2,...,15=  - harmonic number.  
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Theoretically, q,iL  and q,iR  can be measured for each harmonic; however, 

resistance in this case is frequency dependent value. Therefore, it is proposed to 

measure resistance separately from DC test. Measurement q,i q,iV I  is presented for 

each harmonic. q,iZ  is fitted to this measurement by a variation of q,iL . For this 

purpose, the least-square curve fitting method is used. Similar approach is proposed 

for dL  inductance calculation.  

1.1.2 Constant speed methods 

Overall, constant speed methods consider motor operation in steady state and 

calculate inductances from back EMF components. Inverter nonlinearities have less 

impact on these tests. PI controllers are used to track reference current values. 

Constant speed steady state method without requirement of the prime mover is 

presented in [12]. Tested motor has to be vector-controlled. Such configuration allows 

to consider saturation and cross-coupling effects only partially, as inductances can be 

determined not for every d-q axis current. Constant motor speed is achieved for 

different current angles. Paper considers operation at three different speeds: 200rpm, 

300rpm and 400rpm. Inductances are calculated basing on two consecutive 

measurements of currents and voltages for the same torque but with different d-axis 

current. Determination equations are following: 

 

( )
( ) ( )

( )

( )

q1 q2 s q1 q2

d d1 q1

s d1 d2

d1 s d1
q d1 q1

s q1

v v R i i
L i ,i ,

i i

v R i
L i ,i ,

i

w

w

- - -
=

-

- +
=

 (1.12) 

where ( )( )q1 q1 d1 q2 q2 d2v ,i ,i , v ,i ,i  - the first and the second current and voltage reading 

respectively, stator resistance is known value.  

Proposed calculation (1.12) allows to exclude PM flux from determination 

equation.  
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Method [13] is similar to [12], however resistance and PM flux variation due to 

temperature change are considered. In this case on one measurement of currents and 

voltages is done for one calculation. Initial values of sR  and MY  are assumed to be 

known. Two methods are proposed to evaluate temperature effects: where temperature 

of the end winding is used; where both end winding temperature and estimated 

temperature of the PMs obtained from a temperature distribution analysis are used. 

Results are compared to the data obtained from FEA. Estimated values of resistance 

s
ĔR  and PM flux M

ĔY  for the second method are calculated as follows: 

 

s s _ ambient R

M M _ ambient

TĔR R 1 ,
100

ĔTĔ 1 ,
100

Y

Då õ
= +æ ö

ç ÷

å õD
Y =Y +æ ö

ç ÷

a

a

 (1.13) 

where s _ ambientR  and M _ ambientY  are values of resistance and PM flux at ambient 

temperature; TD  - difference between measured end winding and ambient 

temperature; ĔTD  denotes difference between estimated PM flux temperature and 

ambient temperature; Ra  and Ya  are temperature coefficients.  

Inductance estimations ( )d d q
ĔL i ,i  and ( )q d q

ĔL i ,i  are determined from (1.13) as  

 ( ) ( )q s q M d s d
d d q q d q

d q

Ĕ Ĕ Ĕu R i u R iĔ ĔL i ,i , L i ,i .
i i

w

w w

- - Y -
= =  (1.14) 

Constant speed steady state method considering iron losses is proposed in [14]. 

In the method additional machine is required to maintain constant speed. Saturation 

along one axis is considered only. Inductance calculation is based on previously 

calculated PM flux and core loss resistance. If qi 0A= , resistance is excluded from d -

axis inductance calculation: 

 () q M

d d

d

u
L i .

i

w

w

- Y
=  (1.15) 
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Q-axis inductance is determined similarly ( di 0A= ): 

 () d
q d 2

M
q

C

u
L i ,

i
R

w
w

=-
Y

-

 (1.16) 

where CR  - core loss resistance.  

Active resistance influence is excluded during the test in [15]. Unlike test in [14], 

saturation and cross-coupling are fully considered. Motor is rotated with prime mover 

at the constant speed. D-q axes voltage values are measured two times at steady state 

altering polarity of the q-axis current. Researches propose to use reference values of 

the voltages, so test inaccuracies associated with inverter operation. As a result, for one 

pair of currents, four measurement has to be done: ( ) ( )d d q d d qv i ,i ,v i , i-  and 

( ) ( )q d q q d qv i ,i ,v i , i- . Inductances are determined as  
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d d q
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w

w

w
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=

 (1.17) 

Researches in [16] propose method of calculation flux linkages from the steady-

state model excluding high order harmonic influence. Saturation and cross ï coupling 

are considered. Motor is rotated with constant speed during the test. Method requires 

measurement of rotor position and phase A current and voltage. Sources of harmonics 

are non-sinusoidal distribution of windings (5th, 7th, 11th and 13th harmonic), slotting 

harmonics, inverter dead time (in case if it is not compensated, sixth-harmonic 

component is presented in current), switching harmonics and so on. Presence of this 

harmonics has negative impact on accuracy of inductance determination. 

Harmonics exclusion can be done in the following way. Phase A voltage can be 

measured directly; however, it requires high sampling rate. Since our interest is to 

extract fundamental component only, RC low-pass filter is proposed to use. Fast 
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Fourier transformation proposed to extract fundamental harmonics from current and 

voltage curves. When angle from position sensor is zero, current and voltage values 

correspond to d-axis current and voltage. When angle is 90 degrees ï q-axis current 

and voltage.  

Currents and voltages are measured for each possible combination of d-q axis 

currents. After that fluxes are determined as 

 ( ) ( )q s q d s d
q d q d d q

v R i v R i
i ,i , i ,i .

- + -
Y = Y =

w w
 (1.18) 

Self- and cross-inductances are determines from (1.3). 

1.2 Inductance determination methods that does not require 

additional equipment 

As was mentioned before, these methods can be conditionally divided into two 

categories: offline methods, also known as self-commissioning with free rotor, and 

online methods with adjustable and adaptive control algorithms. In general, motor has 

to be connected to voltage source inverter (VSI) for both methods Fig. 1.6.  

Self-commissioning procedure is a procedure of self-identification of electrical 

or/and mechanical parameters. The majority of the proposed methods assume that 

inductances are constants that leads to accuracy deterioration. Existing methods 

propose to use observers. Mainly observer design is based on Lyapunov second 

method, recursive least square (RLS) method, affine projection method, sliding mode 

or can be compiled manually. In case of adaptive algorithms, stability analysis has to 

be provided.  
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Fig. 1.6 - General functional diagram of the experimental setup for online and offline 

methods implementation  

1.2.1 Offline identification  methods 

Self-commissioning procedure using high frequency signal injection is proposed 

in [18]. As reference signal frequency is comparatively high, motor remains motionless 

during the test. Drawback is that inductances are considered as constant parameters. 

High frequency voltage is injected along d- and q-axis of the motor. Considering that 

speed 0=w , flux, caused by currents, can be found as  

 ( )s s s s2

p i

s
u R i

s K s K
Y = -

+ +
, (1.19) 

where su  - stator voltage vector; ( )s d qi i ,i=  - stator current vector; s d dt= ; 

( )s d q,Y = Y Y - current caused flux linkage vector, p iK ,K  - proportional and integral 

gain. 

Bandpass filter is used in order to exclude flux caused by PMs from calculation 

and to reduce signal noises. Inductances are determined as follows: 

 

( )

( )

d d0 Ld d d d

q q0 Lq q q q

1
L L K L i ,

s

1
L L K L i ,

s

= + Y -

= + Y -

 (1.20) 

where Ld LqK K 0= > - inductance estimation gains; d0L , q0L  - initial best estimations. 

During the test, following voltage is applied: 

 s s s dc h s h su u ju u U cos2 f t jU sin2 f t.= + = + +a b p p  (1.21) 

Voltage DC component dcu  is utilized to align d-axis with a-axis of the stator 

reference frame. Authors propose to inject voltage with amplitude hU 20V=  and 

frequency sf 400Hz= . Proposed test can be run for different values of the DC 

component in order to evaluate cross coupling effects between d- and q-axis.  
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Frequency method where inverter nonlinearities are considered is proposed in 

[19] and [20]. Method requires fully controlled electric drive. Saturation and cross-

coupling are neglected during the test. The idea of the method lies in compensation and 

exclusion of inverter nonlinearities during the test. Inductance is determined using 

frequency method:  

 
inj

x

xh s

U
ĔL

I
=
w

, (1.22) 

where injU  - amplitude of the injected voltage; xhI  - amplitude of induced HF current. 

x
ĔL  - estimated value of inductance along one of the rotor reference frame axes.  

If high frequency (HF) voltage signal is injected using fully controlled inverter, 

effect of nonlinearities will be considerable and as a result determined inductance value 

will not be accurate. In the paper, voltage error caused by inverter nonlinearities is 

presented in the following form: 

 ( )err x fx xh xhu sign i U R i ,-D = D +  (1.23) 

where xhi  denotes fundamental current of arbitrary phase x; UD  - saturated voltage 

error in Region II (Fig. 1.7); xhR  - high frequency equivalent resistance.  

Transient of phase voltage error and HF equivalent resistance as functions of 

phase current are presented in Fig. 1.7. 
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Fig. 1.7 - Phase voltage error and the HF equivalent resistance that represents 

inverter nonlinearities for offline identification test [20] 
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D-axis inductance determination: The first term from (1.23) can be excluded if 

constant DC component is implemented into d-axis current. It allows pulling stator 

current out of the zero-current clamping (ZCC) zone. Moreover, injection of DC 

current component allows reducing xhR  drastically. Fig. 1.8 shows that value of the HF 

resistance depends on rotor position. If the DC component of an arbitrary phase current 

turns to zero, HF current component is also zero, and therefore there will be no errors 

caused by inverter for these positions. Estimated valued of d-axis inductance 
d
ĔL  is 

presented in Fig. 1.9(a). Error decays to zero at { }r (2k 1) 6, k 0,1,2,3,4,5= + Íq p . As 

a result, it is possible to obtain accurate value of the d-axis inductance using proposed 

method for particular rotor positions without any compensations.  

 

Fig. 1.8 - HF equivalent resistance dhR  in polar coordinate with an electrical cycle 

for offline identification test (a) DC current component dI 0= A; (b) dI 1.5=  and 2.5

A [20] 

a) b) c)

 

Fig. 1.9 - Estimated d-q axis inductances in an electric cycle for offline identification 

test [20] 
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Q-axis inductance determination: Procedure is the same, however injection of 

DC current component has less influence on q-axis HF resistance Fig. 1.9ʩ. Moreover, 

point of the least qhR  corresponds to points where DC component of the arbitrary phase 

is the highest. Therefore, at least value of UD  has to be known for accurate q-axis 

inductance determination. Estimated values of q-axis inductance are presented in 

Fig. 1.9(b). 

Flux determination method with estimation error compensation is proposed in 

[21]. In the paper inverter nonlinearities and saturation effects are considered, rotor 

movement during identification procedure is taken into account.  

Flux linkage are determined from model in flux linkage terms (1.5), and voltage 

error caused by inverter nonlinearities is considered: 

 ( ) ( )( )
t

dq d q dq s dq dq err dq

0

i ,i u R i u i dtY = - -ñ , (1.24) 

where ( )dqerr dqu i  - voltage error caused by inverter nonlinearities. 

Inverter nonlinearities are considered in the same way is proposed in [19], [20]. 

In the paper, error is determined in the following way. In Fig. 1.10 procedure of stator 

resistance determination is presented. Series of current and voltage measurements is 

done to compute resistance dnR , where n 0..5= , which is gradient of voltage line. It is 

seen that du  curve is highly nonlinear. Resistance d5 sR Rº , as inverter nonlinearities 

can be neglected at high current level. Voltage du  is proposed to interpolate by Hermite 

polynomial. After that voltage error is determined is follows: 

 ()
d0 d d5 d d d0

derr hermite d d5 d d0 d d5

d5 d5 d d5 d

R i R i , 0 i i

u U i R i , i i i

u R i , i i

- ¢ <ë
î
= - ¢ <ì
î - ¢í

. (1.25) 

Voltage error along q-axis as determined by means of inverse and direct Park 

transformation.  
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Fluxes are determined for each of (d-q) current combination. In order to do that 

hysteresis control is proposed: 

 ()

( )

()

()
dqout dq dqset

dq ref dqout dq dqset

k ref

U , if i k I

u k U , if i k I

u k 1 , otherwise

ë <-
î
= - >ì
î -í

, (1.26) 

where dq outU  is the amplitude of injected voltage; dqsetI  is the value of current setting 

which controls the magnitude of injection current.  
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Fig. 1.10 - d-axis voltage error characteristic of the inverter nonlinearities [21] 

Researches propose procedure of self-commissioning with included program for 

variation of dq outU  and dqsetI  values to achieve better accuracy and estimation time of 

flux linkages for every current value. Moreover, rotor motion is considered during the 

test and rotation angle is included into voltage calculation to increase accuracy of 

determination. Also, time-delay effect is considered and correction method is 

proposed. Inductances are determined from fluxes basing on (1.3). 

Low frequency injection method is proposed in [22]. Method is not influenced 

by stator resistance variation; cross-saturation and saturation are considered. Unlike, 

standard HF voltage injection method, it is proposed to decrease frequency of the 

injected voltage to the nominal operating frequency in order to reduce hysteresis 

effects. As the goal is to determine inductance values for different (d-q) currents, DC 

bias is included into injected voltage to provide different average current values. 
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Incremental inductance is proposed to compute from AC values of injected voltage acv  

and output current aci  as follows: 

 
ac

Zsin
LD =

j

w
, (1.27) 

where ac acZ v i=  - machine impedance; acw  - frequency of the applied voltage; j - 

phase angle between the resultant stator terminal voltage and current.  

Quadrature axis component of the current creates torque. In order to maintain 

motor speed close to zero, test has to be modified. It is proposed to vary DC bias of the 

applied voltage so that average current value has near zero value. Frequency of the DC 

bias curve is selected in a such way that torque oscillations are filtered by the machine 

mechanical properties. 

Flux linkages along d-q axes can be determined from incremental inductance in 

the following way: 

 () ( ) () ()dq dq dq dqk k 1 L k i k ,Y =Y - +D D  (1.28) 

where k ï sampling index; dqiD  - current change between two consecutive DC bias. 

In the paper comparison of computed flux linkages with locked rotor and without 

locked is made. According to the received results rotor condition does not influence on 

the results. Moreover, results are not affected by stator resistance value as well as 

inverter nonlinearities as inductance value is determined basing on phase shift.  

In the papers [23] and [25], procedure for determination of electrical parameters 

is presented. Stability is proved using the second Lyapunov method. Drawbacks are 

following: inductances are considered as constants and inverter nonlinearities are 

considered as constants.  

Resistance and inductances are determined at the first stage of the self-

commissioning procedure. Observer is based on non-saturated model of the IPMSM. 

D-axis current dynamics equation can be written as 

 
d 1 d 2 n q d 3i i p i u=- + +j jw j, (1.29) 
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where 1 d 2 q d 3 dR L , L L , L= = =j j j  - constant parameters. 

Adaptive d-axis current controller is constructed as  

 ( )* *

d 3 1 d n 2 q d id d
Ĕ Ĕ Ĕu i p i i k i ,= - + -j j wj  (1.30) 

where 1
Ĕj, 2
Ĕj , 3
Ĕj - parameter estimates, 

*

di  - d-axis current reference value, *

d d di i i= - 

- d-axis current error, idk 0>  - proportional gain of the d-axis current controller.  

After that, current error dynamics is derived by substitution (1.30) into (1.29). 

Following Lyapunov function is chosen: 

 
2 2 2 2

d 1 2 3

1 2 3 3

1 1 1 1
V i .

2

å õ
= + + +æ ö
ç ÷

j j j
l l lj

 (1.31) 

where k k k
Ĕj j j= - , { }k 1,2,3=  - parameters estimation error. 

Derivative of the Lyapunov function is  

 2

iid dV k i=- , (1.32) 

if parameters estimation derivatives are chosen as  

 

*

1 1 1 d d

2 2 2 n q d

3 3 3 d d

Ĕ i i ,

Ĕ p i i ,

Ĕ i ,

j j l

j j l w

j j lx

=- =-

=- =

=- =-

 (1.33) 

where 1l, 2l, 3l - estimation gains.  

Reference values of current and voltage are ( )*

di 2sin 50t= , ( )qu 10sin 50t= .  

1.2.2 Online identification methods 

Online identification methods allow to estimate inductances during operation 

and simultaneously modify algorithm with its new values to avoid performance 

deterioration due to parameter mismatch. Back - EMF based method is presented in 

[26]. Disadvantage is that it can be used only in steady state at nonzero speed. 

Inductances are determined from the model in steady state.  



34 

Estimation scheme for d-axis inductance determination 
q
ĔL  is presented in 

Fig. 1.11. Idea of determination d-axis inductance 
d
ĔL  is the same. 

di

du

qiw

a
b

a

b

LPF

sR

+

-

+

-

q,nom
ĔL

+
+

q
ĔL

qK

s

 

Fig. 1.11 - On-line IPM machine parameter estimation [26] 

Low-pass filter (LPF) is used to filter unwanted high frequency components. 

Nominal values of inductances q,nom
ĔL  and 

d,nom
ĔL  feedforward compensation improves 

parameter estimation during transients. qK  -integral coefficient. The same approach is 

used in [27], however LPF is excluded from the scheme. 

Current observer-based method for d-axis inductance estimation is presented in 

[28]. Similarly to [26] and [27] proposed method can be used only in steady state at 

nonzero speed. Also, it requires knowledge of all other motor parameters and current 

di  does not have to be zero. 

Quadrature axis equation of the non-saturated motor model is utilized for d-axis 

inductance determination. Estimation scheme is presented in Fig. 1.12.  

Adaptive mechanism from Fig. 1.12 is I-controller. Input of the controller is 

current error i d d
Ĕe i i= -, where di  - current measured in the real system, d

Ĕi  - estimated 

current value, iK  - adaptive gain. 

-

-

- -

a
b

a
b

1 p

1 p

MY

iK
qi

q
Ĕi

qu

di

w
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dL

qL

q
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Adaptive mechanism
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Fig. 1.12 - Structural scheme for dL  identification for online identification test [28] 

The papers [29] and [30] present two methods for inductance estimation. 

Stability analysis and convergence behavior analysis are presented. In the first Section, 

analysis of identifiability of the motor parameters basing on Jacobian submatrix 

presented. Adaptive regulators are the same for both methods and have the following 

form: 

 

() () ()

() () ()

() () ()

0

0

0

t

s s 0 R q

t

t

q q 0 Lq d

t
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d d 0 Ld q

t

Ĕ ĔR t R t K i d ,

Ĕ ĔL t L t K i d ,

Ĕ ĔL t L t K i d ,

t t

t t

t t
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= -

= -

ñ

ñ

ñ

 (1.34) 

where ()s 0
ĔR t , ()q 0

ĔL t , ()d 0
ĔL t  - initial guesses of resistance and inductances; RK , LqK

, LdK  - estimation gains. 

The first method called ñModel reference output cancellation methodò. 

Functional diagram of the method is presented in Fig. 1.13. Current s d qi i ,iè ø=ê ú, ri  and 

ru  are reference values of current and voltage, 
*q - reference value for the rotor 

position. System convergence is achieved for the next coefficients: 

 

()
( )

( )

R R0 q

Ld Ld0 d

Lq Lq0 q

K K sign i ,

K K sign i ,

K K sign i ,

w

w

=- Ö

= Ö

= Ö

 (1.35) 

where R0K , Lq0K , Ld0K  - positive estimation gains. 

Drawbacks of the method is that the convergence of the estimation is coupled. It 

means that even if initial guess of one of the parameters is correct, it becomes erroneous 

if initial guess of the other parameters is wrong.  

The second method is called ñModel-reference online identification using 

decoupling controlò. It allows to exclude above mentioned drawback so that 
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convergence of each of the parameter estimation is decoupled. Functional diagram is 

shown in Fig. 1.14.  
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Fig. 1.13 - Functional diagram of the first MRAC method [29] 
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Fig. 1.14 - Functional diagram of the second MRAC method [29] 

Decoupling control is provided with addition of decoupling block K to the 

control system. In this case motor model is simplified. Decoupling block and model 

are presented below:  

 

q

d

d
d s d dr

q

q s q M qr

Ĕ0 L1
K ,

ĔL 0

diĔ ĔL R i u ,
dt

di
Ĕ ĔL R i u .

dt

w

w

è ø
= é ù

-é ùê ú

=- +

=- - Y +

 (1.36) 

Both methods are experimentally verified considering flux variation. The second 

one shows better performance. 

Adaptive control algorithm [31] is designed using Lyapunov method. 

Inductances are estimated from both mechanical and electrical equations. Design 
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procedure is similar to proposed in [23] and [25], however voltage references are 

composed after Lyapunov function derivative is obtained. Such approach allows to 

deal with inductance components that are not from current equations only. At the first 

step, positive Lyapunov function is selected. Adaptive laws and voltage references are 

derived in a such way that Lyapunov function derivative becomes less that zero.   

High frequency signal wave voltage injection method is proposed in [32]. 

Researches propose to inject HF square wave voltage h hu ,ua b
è øê ú in the stator 

coordinate system ( )-a b. Injected voltages forms are shown in Fig. 1.15.  

 

Fig. 1.15 - Injected voltages form for online identification test [32] 

Where sT  is carried period, T  - HF voltage signal period. From Fig. 1.15, it is 

clear that voltage has four different values per one period. For the future analysis each 

of this value has certain index [ ]x 1 2 3 4 .=  The paper proposes to calculate the 

following variables: 
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, (1.37) 

where hxia  and hxib  - are current caused by HF voltages at the different sampling points.  

Direct and quadrature inductances are calculated from the variables in (1.37) as 
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Proposed method is tested by means of simulation and experimentally. 

Identification is completed within 70ms, error is approximately 3%.  

Recursive least squares (RLS) method with simultaneous identification of all 

electrical parameters is presented in [33]. Researches propose to determine 

inductances, resistance and PM flux simultaneously from two equations. RLS 

algorithm is following: 

 

() ()()
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l
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Q =Q - + - Q -
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 (1.39) 

where Y is output vector, Q is parameter vector, Z is input vector, ĔQ is estimated 

parameter vector, P is covariance matrix, l is a positive forgetting factor which is 

chosen in range of 0.97 to 0.995.  

Inductances are determined from d-axis equation. In this case parameters for 

(1.39) are  
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 (1.40) 

Resistance and PM flux determination is made in a similar way from the q-axis 

equation 
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It worth mentioning that both algorithms (1.39), (1.40) and (1.39), (1.41) are 

operating at the same time. In (1.40), resistance value from the previous iteration of 

(1.41) is used. In a similar way inductances from the previous step are utilized in (1.41) 

The drawback of the method is that in the algorithms current derivative are 

calculated directly. It will cause a lot of errors if inverter is used and value of the error 

will depend on sample time.  

In [34] RLS method with determination of the voltage drop on switches is 

presented. Relation between output voltages of the inverter ( )a b cu ,u ,u  and reference 

( )a _ ref b _ ref c _ refu ,u ,u  considering voltage drop on switches is following 

 

()

()

()

a a _ ref a

a a _ ref b

a a _ ref c

u u V sgn i ,

u u V sgn i ,

u u V sgn i ,

= -D Ö

= -D Ö

= -D Ö

 (1.42) 

where VD  - voltage error due to deadtime of the inverter and switches voltage drop.  

In rotor reference frame model, (d-q) axis voltages are modified with 

components dV DD Ö  and qV DD Ö  respectively. Variables d qD ,D  are calculated using 

park transformation from sign functions of the stator currents. RLS algorithm the same 

as in (1.39) is proposed. 

The first step of the identification is standstill test. Resistance SR  and voltage 

error VD  are calculated from the d-axis equation at standstill: 
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 (1.43) 
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After that inductances are determined from (1.39) and (1.40). 

In the paper [35], RLS method with two algorithms with different time rate is 

proposed. It allows reducing controller computation efforts during operation. 

Resistance SR  and PM flux are mainly constants and are changing depending on 

temperature. Therefore, their dynamics is quite slow. In case of inductances, iron core 

saturation directly influences on inductance values. Fast RLS is utilized to estimate 

inductances and it runs at sampling rate. Resistance and PM flux are estimated in a 

separate program - slow RLC - and runs at lower frequency. RLS algorithm the same 

as in (1.39) is proposed. 

Faster algorithm has the simpler structure and assumes that stator resistance and 

PM flux are constant during at the sampling period. RLS algorithm parameters are 

following: 
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 (1.44) 

Slow RLS algorithm parameters are presented below. 
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 (1.45) 

Problem of persistency of excitation with slower algorithm can be solved by 

means of providing small perturbations to the d-axis of the machine. Size of the 

perturbations has to be small enough in order not to cause torque ripple and large 

enough to provide proper operation of the algorithm (1.45). 
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Researches in [36] propose affine projection method with two algorithms with 

fast and slow convergence. Algorithm structure is similar to proposed in [35]: 

Algorithm with slow convergence is utilized for load torque, resistance and flux PM 

estimation. Algorithm with fast convergence allows to estimate inductances. Affine 

projection method has the following structure: 
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 (1.46) 

From (1.46) it is clear that affine projection algorithm has simpler structure 

comparing to RLS algorithm. Fast convergence algorithm parameters for inductance 

estimation are determined from current dynamics equation. Current derivatives are 

calculated as difference between adjacent currents measurements. Low convergence 

RLS algorithm parameters for resistance, load torque and PM flux estimation are 

determined from speed and currents dynamics equations.  

In the paper experimental comparison of conventional RLS method and 

proposed method is presented. Results show better performance of the affine projection 

method (faster response, more accurate estimation, better robustness to load torque 

variation, etc.). 

Extended Kalman filter proposed in [37] can be implemented if common 

IPMSM model is transformed to the following structure 
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where 
T T

d q d qu ,u , i ,iè ø è ø= =ê ú ê úu y  are input and output vectors, 
T

d qi i a bè ø=ê úx  - system 

state vector ( )d qa 1 L ,a 1 L= = , ()ts  - system noise that includes model inaccuracies 

and ()tm  - measurement noises. 
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Filter consists of two steps called the prediction step and innovation step. The 

first step performs prediction of state vector value and covariance matrix basing on 

previous estimates and mean voltage in the period between k 1t -  and kt . The next step 

corrects value of covariance matrix. 

1) Prediction step 
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2) Innovation step 
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3) Kalman gain 

 ( )
1T

k k|k 1 k|k 1H H .
-

- -= +K P P R  (1.51) 

Parameters Q  and R  are chosen with trial-and-error procedure to get the best 

tradeoff between filter stability and convergence time. In the paper, filter is tested by 

means of simulation and experiment. 

1.3 Finite element method for inductance determination 

All modern machines are designed with FEA method [38]. Currently two types 

of the FEA models existed: radial flux geometries can be describes using 2D FEA 

models with a decent level of accuracy; 3D FEA models require much more 

computational efforts, but allow to achieve more precise description of magnetic 

processes in the motor. Current supply is simulated and flux is evaluated by means of 
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integration of the vector magnetic potential [39]. Inductances are evaluated from fluxes 

to obtain motor models with the different level of simplification (see Section 2) [40], 

[41].  

 

1.4 Mechanical parameters identification methods  

Importance of accurate mechanical parameters estimation cannot be emphasized 

for precise speed and position control especially in robotics, high efficiency/speed 

applications. Existing papers are focused on moment of inertia, different types of 

friction and load torque identification.  

Most of the researches are focused on the moment of inertia identification. 

Moment of inertia is estimated using Unscented Kalman Filer in [42]. Paper also 

compares proposed method with estimation using conventional Extended Kalman 

filter. In [43] position is changing sinusoidally. The idea of the test is to multiply torque 

reference by position and take its average value during one position reference sine 

period. Moment of inertia is calculated basing on this average value and amplitude of 

the position reference sine. In [44] moment of inertia estimation method is based on 

full -order state observer. Method also allows to estimate disturbance torque. Sinusoidal 

quadrature current component reference is applied in [45]. Speed form is also 

sinusoidal if load torque equals to zero. Speed derivative can be found analytically. 

Moment of inertia is determined from the mechanical equation in the moment of time 

when speed equals to zero.  

Some articles consider simultaneous estimation of the mechanical parameters as 

all of them are presented in one equation and erroneous value of one of them can have 

negative impact on the accuracy of designation of the others.  

In [46], it is proposed to determine viscous friction, moment of inertia and load 

toque. The main idea is to differentiate both sides of the mechanical equation of the 

model and after that multiply it by speed derivative. Speed derivative is calculated 

directly from the speed value with implementation of lowpass filter to avoid amplifying 

system noises. Each of parameters determination is based on neglection of obtained 

equation components if special test is conducted. 
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In [47] another approach is proposed. Disturbance torque, caused by torque 

coefficient and moment of inertia inaccuracy, friction and load toque, is determined as 

difference between calculated from currents value of torque reference and calculated 

from measured speed value of dynamic torque. After that this value can be used to 

modify torque reference and as a result achieve better performance.  

Moment of inertia and friction torque coefficients simultaneous estimation 

method is proposed in [48]. Total friction is caused by Coulomb friction and viscous 

friction. The idea is to apply low frequency sinusoidal speed. In this case friction torque 

is in phase with speed and dynamic torque is out of phase. Friction coefficients and 

moment of inertia calculations are based on half period integration of reference torque.  

Conventional load torque sliding mode observer is analyzed in [49]. According 

to the analysis, observer accuracy deteriorates if moment of inertia and viscous friction 

coefficient are determined not correctly. In the paper new sliding mode observer is 

proposed. Observation errors caused by the mismatch moment of inertia are removed 

as two additional methods for moment of inertia determination are proposed: direct 

method when the drive system has just entered into a steady state; and PI controller 

method, when the drive system entered into the dynamic state.  

Conclusions to the Section 1 

A lot of methods are existed to determine inductances. However, problem of 

accurate inductance determination is not fully solved, as accurate methods usually 

requires special test with additional equipment and methods that are convenient in 

usage do not consider saturation. Existed mechanical parameter identification methods 

usually require special test, as a result, control system does not adapt to mechanical 

parameters variation during operation.  

From the survey follows that following tasks has to be solved: 

1. Development of the test for inductance determination methods that combine 

simplicity and accuracy of estimation. 

2. Development of the high-performance speed and position control algorithms. 

3. Development of the position algorithm that provides online estimation of the 

mechanical parameters and adjust to its variation.  
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2 INDUCTANCE DETERMINATION CONSIDERING SATURATION  

In this Section derivation of the IPMSM model considering saturation and cross-

coupling is presented. After that, by means of consequent simplification, model 

converts to the common non-saturated model [50]. Also, two methods for inductance 

determination are proposed and experimentally verified. Both methods are based on 

the model with partially considered saturation. Equation Chapter (Next) Section 1 

2.1 Derivation of the IPMSM models considering saturation 

Process of the model derivation starts with the model in flux linkage terms in 

rotor reference frame. Conversion to the stator reference frame model can be done 

using Inverse Park Transformation [50]: 
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where 
( )d q-

x  - state vector in the rotor reference frame; 
( )-

x
a b

 - stator reference frame 

state vector, q - rotor angle. 

Equation (2.1) allows to convert model to the two phase ( )-a b stator reference 

frame. Transformation to the three-phase coordinate system can be accomplished with 

Inverse Clark transformation [52]: 
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where [ ]
T

a b cx x x  - three phase state vector, 
T

x x 0è øê úa b  - two phase state 

vector.  
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General model that consider saturation and cross-coupling effects in the IPMSM 

can be expressed in flux linkage terms [1]. Equations of the model in d-q axis rotor 

reference frame are presented below  

 

( )
( )

( )
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( ) ( )( )

d d q

d s d n q d q

q d q

q s q n d d q

n L
d d q q q d q d
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i ,i i i ,i i ,
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w

w

w n
w

Y
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Y
= + + Y

= Y -Y - -

 (2.3) 

where J ï moment of inertia; n ï viscous friction, LT  is load torque. 

Assuming that self and cross inductances are considered as a functions of both 

currents (di  and qi ), flux equations are 
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 (2.4) 

Model (2.3) allows to describe saturation and cross-coupling effects in the 

IPMSM, but it cannot be used for closed loop control design due to complexity of flux 

measurement. In most of the cases model (2.3) has to be transformed to a model with 

explicit current derivatives. 

2.1.1 Model of the IPMSM if self-inductances and mutual 

inductances are functions of both currents 

Transformation to the model in current terms can be done by means of 

expression of flux derivative as derivative of complex function: 

 
( ) ( ) ( )d d q d d q d d qqd

d q

d i ,i i ,i i ,ididi
.

dt dt i dt i

Y µY µY
= +

µ µ
 (2.5) 

Analogically to (2.5), quadrature axis flux linkage derivative is 

 
( ) ( ) ( )q d q q d q q d qq d

q d

d i ,i i ,i i ,idi di
.

dt dt i dt i

Y µY µY
= +

µ µ
 (2.6) 

Substitution of (2.5) and (2.6) into (2.3) gives 
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Flux derivatives by currents in model (2.7) can presented from inductances. In 

this case, model will have more conventional form. If M constY = , partial derivatives 

of flux linkages by currents from (2.4) are 
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 (2.8) 

Substitution (2.8) and (2.4) into (2.7) allows to obtain model that is free from 

flux linkages. Obtained model requires knowledge of self and cross-inductances 

together with its derivatives, however information about each component does not lead 

to advantages from control design point of view. Therefore, it is more rational to use 

model (2.7) as it requires 7 parameters to describe electrical part of the motor instead 

of 13 parameters in case of the model that is free from flux linkages. The flux 

derivatives by currents can be considered as dynamic inductances (1.3), which fully 

describe magnetizing processes.  
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2.1.2 Model of the IPMSM if self-inductances and mutual 

inductances are functions of both currents and cross-coupling is 

neglected 

Equation (2.4) is simplified in this case, as cross-inductances ( )dq d qL i ,i  and 

( )qd d qL i ,i  are neglected. However, this aspect has no influence on the model (2.7). And 

as a result, neglection of the cross coupling does not simplify electrical part of the motor 

model.  

2.1.3 Model of the IPMSM if self-inductances are functions of one 

correspond current and cross-coupling is neglected 

Derivation of the model starts with model in flux linkage terms (2.3), however 

fluxes are functions of self-currents: 
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Fluxes derivatives are expressed as  
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Substitution (2.10) into (2.9) gives  
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Model (2.11) can be used for algorithm design if fluxes ()d diY  and ()q qiY  are 

known values. However, some identification methods determine inductances not from the 
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fluxes, but directly from the model. According to made simplifications and assumptions 

flux linkages are defined as 

 

() ()

() ()

() ()

'

d d d d d

'

d d d d M

q q q q q

i L i i ,

i i ,

i L i i .

Y =

Y =Y +Y

Y =

 (2.12) 

In this case model (2.11) can be presented as  
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where ()dd dL i  and ()qq qL i  are dynamic inductances along d- and q-axis as functions 

of the correspond current. If M constY = , dynamic inductances are 
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Model (2.13) is comparably simple, and saturation is partially considered.  

Further simplification leads to obtaining conventional IPMSM model [53] when 

inductances are constants and cross-coupling is neglected: 
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2.2 Description of the test 1 

The first test is made in standstill [54]. Basic idea is similar to methods proposed 

in [6]. Test is made for the motor #1 and experimental setup described in Appendix A.  
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The static and dynamic inductances are determined from the single test for two 

relative rotor positions with respect to the applied locked stator voltage vector. The 

functional diagram of the experimental setup is presented in Fig. 2.1.  

DC supply
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Fig. 2.1. - Functional diagram of the experimental setup for the stand-still test 

Voltage abu  between phases A and B and the current in phase A are measured 

using differential probes and an oscilloscope. The measured values are either d-axis or 

q-axis voltage and current depending on the rotor position. Idea of the test is to observe 

the current and voltage during transients from active states to zero state, where the 

states are as follows: 

1. Active positive state. +DC voltage is applied to phase A and -DC to B and C 

phase. In this case transistors VT1, VT4 and VT6 are opened. 

2. Active negative state. -DC voltage is applied to phase A and +DC to B and C 

phase. In this case transistors VT2, VT3 and VT5 are opened. 

3. Zero state: all transistors are closed. 

In the rotor reference frame, d-axis is aligned with the direction of the permanent 

magnet flux. In order to determine d-axis inductance, the rotor d-axis has to be aligned 

with the locked stator voltage vector corresponding to either active positive or active 

negative state (Fig. 2.2a). Voltage abu  in this case is d-axis voltage and current 

measured in phase A is d-axis current. In order to set the rotor position, +DC voltage 

is applied to phase A and ïDC to B and C phases. After that, the rotor is locked. To 

determine q-axis inductance, the rotor q-axis is aligned with the locked stator voltage 

vector described above (Fig. 2.2b). Rotor alignment is done with applying +DC voltage 
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to phase B and ïDC voltage to phase C (transistors VT3 and VT6 are opened only). 

After rotor is locked transients from active states to zero state are considered as q-axis 

transients. 
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a)  

Fig. 2.2. - Stand-still test configurations for a) d-axis, and b) q-axis inductance 

determination 

When switched to active states, the inductances accumulate magnetic energy. 

Fig. 2.3 shows current path in positive active state. Once the inverter is turn off to zero 

state, the stored magnetic energy continues the current flow and induces a voltage 

higher than the DC supply and with opposite polarity. The current starts to flow through 

diodes as it is shown in Fig. 2.4. At the moment of time, when current falls to zero, all 

energy stored in inductances has been dissipated. 
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Fig. 2.3. - Current flow in the active positive state 
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Fig. 2.4. - Current flow when switched from the active positive state to zero state 

It should be mentioned that currents in phases B and C are assumed to be the 

same and therefore voltage drop on transistors VT4, VT6 and diodes VD3, VD5 is the 

same. As a result, points B and C are directly connected, what is important for further 

data analysis. 

According to Fig. 2.2, equivalent resistance and inductance of this circuit are 

eqv sR 1.5R ,=  () ()eqv a s aL i 1.5L i ,=  considering that impedance in each phase is the 

same, where ()s aL i  is phase inductance. 

2.3 Description of the test 2 

The second test is a test with constant speed. Idea is similar to proposed in [12]-

[16]. Test is made for the motor #2 and experimental setup described in the Appendix 

B. The functional diagram of the experimental setup is shown in Fig. 2.5. 
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Fig. 2.5. - Functional diagram of the experimental setup  
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The test allows to estimate the flux linkages ()d di ,Y  ()q qiY  and permanent 

magnets flux mY . The constant non-zero speed is achieved by the additional induction 

motor (IM) velocity stabilization. IPMSM stator current tracking is organized using PI 

current controllers, implemented in rotor coordinate reference frame: 

 
d i d d

d ii d

u = k i x ,

x = k i ,

- -
 

q i q q

q ii q

u k i x ,

x k i ,

=- -

=
 (2.16) 

where *

q q qi i i= -, *

d d di i i= - are current tracking errors, 
*

di , *

qi  are references, dx , qx  

denote integral components, ik 0> , iik 0>  are the proportional and integral gains of 

the controllers. 

These two high gain PI-current controllers (2.16) are configured to achieve 

asymptotic current tracking with 
qi 0=  and 

di 0=  provided that current references are 

slow enough. 

For the flux linkage ()d diY  estimation, the reference value *
qi 0= ; d-axis 

current reference value is changing linearly in the range [ ]max mini ,i ,  where mini , maxi  are 

minimum and maximum operation currents respectively. The rate of the change has to 

be slow enough so that current dynamics can be neglected. As a result, d-axis flux as a 

function of d-axis current is found from model (2.13) as 

 () q

d d

n

u
i

p
Y =

w
. (2.17) 

For the determination of flux ()q qi ,Y  the testing procedure is the same, but in 

this case 
*

di 0=  and q-axis reference current value is changing linearly. As a result, q-

axis flux as a function of q-axis current can be found from model (2.13) as 

 () d
q q

n

u
i

p
Y =-

w
. (2.18) 

Permanent magnets flux mY  can be calculated from d-axis flux when di 0= : 

 ( )m d di 0Y =Y =. (2.19) 

The inductances can be determined using four methods described below. 
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2.4 Methods for inductance calculation 

Four methods are proposed for static and dynamic inductance calculation of the 

IPMSM. 

1. Method based on flux model. Dynamic inductances can be determined from 

the fluxes as 

 ()
()d d

dd d

d

i
L i

i

µY
=
µ

, ()
()q q

qq q

q

i
L i

i

µY
=
µ

. (2.20) 

In case of motionless test, the flux linkages ()d di ,Y ()q qiY  are found from 

measured current and voltage curves: 

 
() ( )

() ( )

d d d s d d

q q q s q q

i u R i dt C ,

i u R i dt C ,

Y = - +

Y = - +

ñ

ñ
 (2.21) 

where dC , qC  are initial conditions. 

Drawbacks of using (2.21) are the following: direct integration tends to 

accumulate errors and necessity of precise determination of initial conditions for 

accurate flux computation. However, if dynamic inductances are determined from 

(2.20), these drawbacks have no influence on accuracy of determination, as flux 

gradient is used but not its absolute value. Therefore, initial conditions dC , qC  can be 

taken as zero. 

2. Method based on current model. Another approach is to determine dynamic 

inductances directly from the motor model (2.13). As test is made in stand-still, model 

is simplified and inductances are 

 () d s d
dd d

d

u R i
L i

di dt

-
= , () q s q

qq q

q

u R i
L i

di dt

-
= . (2.22) 

Equations (2.22) require accurate knowledge of current derivative. In order to 

exclude influence of noises it is proposed to approximate current curve and calculate 

the derivative directly. Flux can be also approximated to receive dynamic inductance 

from (2.20) analytically. 
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3. Method based on steady-state model. Static inductance can be determined 

from flux as 

 ()
()d d m

d d

d

i
L i

i

Y -Y
= , ()

()q q

q q

q

i
L i

i

Y
= . (2.23) 

The mentioned drawback of flux calculation using (2.21) has higher impact on 

accuracy of static inductance determination in this case since absolute values of flux 

are used. Inaccurate computation of the flux linkages for (2.23) leads to singularities 

for currents close to zero. Initial conditions can be found from the point when current 

and voltage decay to zero. In this case q 0Y = , d mY =Y and initial conditions are 

 ( )
condt

d m d s d
0

C u R i dt=Y - -ñ , ( )
condt

q q s q
0

C u R i dt=- -ñ . (2.24) 

4. Method based on discrete time model. It is also possible to compute the static 

inductance using dynamic inductances from their relationship in (2.14). However, it 

requires solving difference equations in the following form: 

 
[ ] [] [ ] []( ) [ ]

[ ] [] [ ] []( ) [ ]

d d dd d d d

q q qq q q q

L k 1 L k L k 1 L k i i k 1 ,

L k 1 L k L k 1 L k i i k 1 ,

+ = + + - D +

+ = + + - D +
 (2.25) 

where k is a sampling index, diD , qiD  are changes of (d-q) currents between adjacent 

iterations. Initial values for static inductances are [] []d ddL 0 L 0 ,=  [] []q qqL 0 L 0=  if 

k 0=  corresponds to zero current. 

Computation of the static inductances using (2.25) doesnôt have problems of 

method based on (2.23), due to the fact that calculations in (2.25) are based on dynamic 

inductances and currents. Dynamic inductances can be determined from the methods 

proposed above. 

2.5 Experimental results 

2.5.1 Stand-still test 1 

An example of transients for tested motor #1 is presented in Fig. 2.6. The stator 

resistance is determined from the measured current and voltage values in active state. 
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The active state corresponds to the period of time [ ]t 0,0.5Í  ms in Fig. 2.6, in which 

equivalent resistances are () ()eqv ab aR u 0 i 0 0.2 Ohm,= =  s eqvR R 1.5 0.13 Ohm= = . 

 

Fig. 2.6. - Transients of voltage and current if q-axis inductance is calculated 

The problem of method #2 comparing to method #1 for dynamic inductance 

calculation is that precise approximation of current curve is not always possible; 

equation (2.22) can be used only during transient, preferably with current derivative 

that does not change its sign. 

Drawbacks of static inductance determination using method #3 are dependence 

on initial conditions in flux calculation (2.21) and as a result, singularities at zero 

currents are present. In case of using method #4, there is no problem with singularity 

if condition of equality of static and dynamic inductances is accepted for non-zero 

currents. 

 

Fig. 2.7. - Flux linkages along d- and q-axis  
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The (d-q) flux linkages, computed from (2.21) and (2.24) are presented in 

Fig. 2.7. The q-axis static and dynamic inductances using presented methods are shown 

in. Static inductance (method #4) is calculated based on dynamic inductance 

determined using method #1. The d-axis inductances are not shown since they remain 

constant for this motor if di 0<  and equal d ddL L 1.62= = mH. 

 

Fig. 2.8. - Calculated values of the q-axis inductance of the motor #1 

2.5.2 Constant speed test 2 

In this test, motor rotates with the speed 157=w  rad/s, which corresponds to 

50 Hz motor supply frequency. Currents di  and qi  are changing linearly from 

maxi 7.5=  ɸ to mini 7.5=-  ɸ (values close to rated ones). The transients last for 60 s. 

Current controller gains ik 30=  and iik 1250=  ensure sufficiently fast dynamics of the 

current control loops to consider the regulation processes as quasi-static. 

The transients for estimation of ()d diY  and ()q qiY  are presented in Fig. 2.9. 

Measured flux characteristics (2.17), (2.18) for motor #2 are shown in Fig. 2.10. From 

the analysis of Fig. 2.9 and Fig. 2.10 it is seen that under condition qi 0=  the flux 

( )q qi 0 0Y = ,̧ that needs further investigations. From condition di 0=  it follows that 

m 0.615Y =  Wb. Both flux linkages were approximated as 3rd-order polynomials. The 

d-axis flux shown for negative values, which corresponds to field-weakening operation 

mode. 
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From Fig. 2.10, it follows that the saturation of magnetic circuit is negligibly 

small.  

Advantages of the constant speed test are possibility to determine fluxes as 

functions of both currents and as a result to take into account cross-coupling effects of 

the motor. Moreover, implementation of the closed-loop system provides mitigation of 

inverter nonlinearities. However, it requires using the additional drive for testing 

machine rotation. 

 

ʘ) transients of the flux ()d diY  estimation 

 

b) transients of the flux ()q qiY  estimation 

Fig. 2.9. - Transients for estimation of the fluxes for the motor #2 

 

 

 

ʘ) transients of the flux  estimation 

 

 

 

b) transients of the flux ()q qiY  estimation 

Fig. 1. Transients for estimation of the fluxes for the motor #2 



59 

 

Fig. 2.10. - Flux curves for the second method 

 

Fig. 2.11. - Calculated values of (d-q) inductances of the motor #2  

Three methods under consideration were used for inductances estimation using 

experimental data shown in Fig. 2.10. The dynamic inductances are determined using 

(2.20) (method #1). The static inductances can be either determined from (2.23) 

(method #3), or (2.25) (method #4). As the fluxes are determined directly, initial 

conditions are inherently known. The results of computations are presented in 

Fig. 2.11. The inductance ()d dL i  slightly rises in the field-weakening region; while 

the inductance ()q qL i  slightly decreases near the rated values of qi , but they can be 

considered constant with sufficient accuracy. 
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From comparison of Fig. 2.8 with Fig. 2.11 follows that investigated motors 

have different level of the saturation of magnetic circuits, however proposed tests and 

methods provide accurate estimations of both static and dynamic inductances. 

Conclusions to the Section 2 

1. Presentation of the model with fluxes and flux derivatives requires a smaller 

number of parameters comparing to the model presented using self and cross 

inductances 

2. If inductances are presented as functions of one current, system becomes coupled 

only with back-EMF components, and control algorithm based on the system does not 

have significant differences comparing to the one based on the non-saturated model 

3. Two different tests are proposed and experimentally verified. The first one, 

called ñstand-still methodò, allows removing inverter nonlinearities from the 

calculation scheme and has high level of accuracy as voltages and currents are 

measured directly. At the same, this test requires to connect additional DC supply. The 

second method uses common inverter-based vector-controlled drive, however it has to 

be driven with prime mover. Inverter nonlinearities have less influence in this test. 

4. Four methods are proposed to calculate inductances from data obtained in the 

tests. Dynamic inductances are determined either from fluxes or directly from the 

model. Static inductances can be found also from the fluxes or from the dynamic 

inductance. 

  



61 

3 SPEED CONTROL OF THE INTERIOR PERMANENT MAGNET 

SYNCHROLOUS MOTORS 

In this Section design of the IPMSM speed vector control algorithm is presented 

[23]. 

3.1 Formulation of the control problem 

Following assumptions are taken: 

A.3.1. Stator currents, angular speed and angular position are measured values. 

A.3.2. Parameters of the motor are known and constant values. 

A.3.3. Torque LT  is unknown, limited, constant or those that is changing slowly. 

A.3.4. The rotor speed reference *w  is smooth and bounded function together 

with its first *w  and second *w  time derivatives; d-axis current reference 
*

di  is bounded 

together with its bounded derivative 
*

di .Equation Chapter (Next) Section 1 

The control problem is to design a speed controller, which guarantees following 

control objectives: 

CO.3.1. Asymptotic speed w and direct current component di  tracking: 

 ( )d
t
lim , i 0,
­¤

=w  (3.1) 

where *= -w w w - rotor speed error, *

d d di i i= - - direct current component error. 

CO.3.2. Asymptotic decoupling of speed control and direct current control 

subsystems.  

CO.3.3. Linearization of speed control subsystem.  

3.2 Design of the speed control algorithm 

As parameters are considered as constants, non-saturated model (2.15) is used 

for the control design. Algorithm is designed using back ï stepping design procedure 

[54]. 

3.2.1 Speed controller design 

From (2.15) speed error dynamics is following: 
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 ( ) () ( )* * * *

q q d L L n d q d q

3 1Ĕi i i T T p L L i i ,
J J 2 J

= + Ö - - - - - + -
n n

w m w w w  (3.2) 

where *

q q qi i i= - - quadrature axis current error, *

qi  - reference value of the current; 

L
L L

T ĔT T
J

= -  - torque estimation error, 
L
ĔT  - torque estimation; 

() ( )* *

d n M d q d

3 1
i p L L i 0

2 J
m è ø= Y + - >ê ú

. 

Current controller can be formed from (3.2) as 

 ()
* * *

q L*

d

L i

1 Ĕi T k ,
Ji

ĔT k ,

å õ
= + + -æ ö

ç ÷

=-

w

w

n
w w w

m

w

 (3.3) 

where ( )ik ,k 0>w w  are speed controller proportional and integral gains respectively.  

Substitution (3.3) into (3.2) gives 

 
() ( )( )* *

L d q n d q d q q

L i

3 1
k T i i p L L i i i ,

J 2 J

T k .

å õ
=- + - + + - +æ ö
ç ÷

=

w

w

n
w w m

w

 (3.4) 

Torque is assumed to be constant in A.3. As a result, L L
ĔT T=- . Worth 

mentioning that in case of current control, d qi i 0= =, so that system (3.4) becomes 

linear and asymptotically stable for every ( )ik ,k 0>w w . 

For the further design, derivative of the quadrature current reference *

qi  has to be 

found 
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 (3.5) 

where *

q1i  is known function; 
()

*

q2 L*

d

k
i T

i
= w

m
 - unknown function.  

3.2.2 Q-axis current controller design 

From (2.15) q-axis current dynamics is following: 

 ( )* *s d
q q q d n M n q q

q q q q

R L 1 1
i i i i p p u i

L L L L
=- + - - Y + -w w . (3.6) 

Current controller can be composed from (3.6) as 

 
( )* *

q q d n d M n q q1 i1 q q

q ii q

u Ri L p i p L i k i x ,

x k i ,

= + +Y + - -

=

w w
 (3.7) 

where ( )i1 iik ,k 0>  are current controller proportional and integral gains respectively. 

Substitution (3.7) into (3.6) gives  

 ()q iq q q L*

d

q ii q

k
i k i x T ,

i

x k i ,

w

m
=- - -

=

 (3.8) 

where s
iq 1i

q

R
k k

L
= + . 
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3.2.3 D-axis current controller design 

Current controller for d-axis is designed similarly. From (2.15) d-axis current 

dynamics is 

 ( ) q* *s
d d d q n d d

d d d

LR 1
i i i i p u i

L L L
=- + + + -w . (3.9) 

Voltage reference along d-axis is formed from (3.9) as  

 
( )* *

d s d q n q d d i1 d d

d ii d

u R i L p i L i k i x ,

x k i ,

= - + - -

=

w
 (3.10) 

Substitution (3.7) into (3.6) gives  

 d id d d

d ii d

i k i x ,

x k i ,

=- -

=
 (3.11) 

where s
id 1i

d

R
k k

L
= + . 

Total error dynamics of the system basing on (3.4), (3.8) and (3.11) are 

 

() ( )( )

()

* *

L d q n d q d q q

L i

q iq q q L*

d

q ii q

d id d d

d ii d

3 1
k T i i p L L i i i ,

J 2 J

T k ,

k
i k i x T ,

i

x k i ,

i k i x ,

x k i .

w

w

w

n
w w m

w

m

å õ
=- + - + + - +æ ö
ç ÷

=

=- - -

=

=- -

=

 (3.12) 

In (3.12) first four equations describe behavior of the speed control subsystem 

and the last two ï behavior of the direct current control subsystem. From (3.12) it is 

clear that these subsystems are decoupled. Direct current subsystem is asymptotically 

stable ( )1i iik ,k 0" > . As a result, condition ( )d d
t
lim i ,x 0
­¤

=  is fulfilled. Speed control 
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subsystem is asymptotically stable with suitable tuning of the controller gains 

( )ik ,k 0>w w  and ( )1i iik ,k 0> . Results from theory of cascaded system proposes to 

adjust current control loop gains so that subsystem dynamics to be at least two times 

faster that speed dynamics.  

If above mentioned requirements are fulfilled, system (3.12) is asymptotically 

stable: 

 ( )L q q d d
t
lim ,T , i ,x , i ,x 0,
­¤

=w  (3.13) 

Standard relation between proportional and integral gain is used: 

 

2

p

i

2

p

i

k
k , if 0.707

2

k
k , if 1

4

= =

= =

x

x

, (3.14) 

where pk  is proportional gain, and ik  - integral gain, x - damping coefficient. 

As a result, control objectives CO.3.1. ï CO.3.3. are achieved. Block diagram of 

the electric drive with proposed controller (3.3), (3.5), (3.7) and (3.10) is presented in 

Fig. 3.1. Structural scheme of the controller is presented in Fig. 3.2.  

Controller

(Fig. 3.2)
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Fig. 3.1. - Block diagram of the electric drive with proposed speed controller 
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Fig. 3.2. - Structural scheme of the proposed speed controller 
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3.3. Research of the speed control algorithm 

Following test is proposed to analyze behavior of the system if derived controller 

is used: Standard speed reference trajectory *w  with bounded the first and the second 

derivative is proposed. Maximum value of the first derivative is 
* 2600rad sw =  and 

the second time derivative 
* 33000rad sw = . Acceleration occurred from 0.1s to 

0.28s. Steady state speed value is ss 100rad s=w . Deceleration to zero speed starts at 

1.4s and longs for 0.18s. Direct current 
*

di 5A=-  is applied at 0.8s for 0.4s. 

Acceleration and deceleration of the current last for 0.01s. Nominal load torque 

( )14Nm  is applied from 0.4s to 1.8s. Controller gains are 1ik 1000,=  
2

ii 1ik k 4,=  

k 100,w=  
2

ik k 2.w w=  

Test combines standard test when torque is applied only at nonzero speed and 

the most difficult for control system condition, when torque is applied when speed 

reference 
* 0rad s=w . 

Motor is modelled using derived model (2.12), (2.13). Static and dynamic 

inductance values determined in the previous Section are used (Fig. 2.11). Simulation 

is performed using software MATLAB 2014B for the motor, which parameters are 

presented in Appendix B. The main cycle of the modelling program is presented in 

Appendix C. Simulation results are presented for controller (3.3), (3.5), (3.7) and (3.10) 

in Fig. 3.3. 

From Fig. 3.3, it is clear that processes in speed control and direct current 

subsystems are not fully decoupled. It can be explained by the fact that controller is 

designed for non-saturated model. At the same time simulation and experiments were 

made for the motor that is some level of saturation. However, control performance 

degradation due to this aspect is negligibly small. Controllers based on the non-

saturated model can be used for high performance control if motor saturation is 

comparatively small (as in tested motor). Otherwise, controller have to be based on the 

model where saturation is considered.  
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Fig. 3.3 ïTransients during simulation if derived speed algorithm is used  
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Fig. 3.4. - Transients during experiment if derived speed algorithm is used  
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The same test is made on the experimental setup presented in the Appendix B. 

Results are shown in Fig. 3.4. From the comparison of the simulation and experimental 

results follows that mechanical and electrical parameters are determined correctly as 

current and voltage curves are almost fully coinʩide. Differences can be explained by 

presence of inverter nonlinearities in the experiment, variation of motor parameters 

that were not evaluated in the motor model.  

Conclusions to the Section 3 

1. In the Section speed controller for IPMSM was derived. Algorithm provides 

asymptotic tracking of direct current component and angular speed reference 

trajectories. Processes in these two subsystems are almost fully decoupled. In low 

saturated motors (like tested one) performance degradation is negligibly small, so 

algorithm based on non-saturated model can be used.  

2.  Controller was tested by means of simulation and experimentally. Experiment 

almost fully coincides with simulation. Results proof the effectiveness of theoretical 

findings.    
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4 POSITION CONT ROL OF THE INTERIOR PERMANENT MAGNET 

SYNCHROLOUS MOTORS 

In this Section design of the IPMSM position vector control algorithm is 

presented [25]. 

4.1 Formulation of the control problem 

Following assumptions are taken: Equation Chapter (Next) Section 1 

A.4.1. Stator currents, angular speed and angular position are measured values. 

A.4.2. Parameters of the motor are known and constant values. 

A.4.3. Torque LT  is unknown, limited, constant or those that is changing slowly. 

A.4.4. The rotor position reference *q is smooth and bounded function together 

with its first *q, second *q  and third *q  time derivatives; d-axis current reference 
*

di  

is bounded together with its bounded derivative 
*

di . 

The control problem is to design a position controller, which guarantees 

following control objectives: 

CO.4.1. Asymptotic position q and direct current component di  tracking: 

 ( )d
t
lim , i 0,q
­¤

=  (4.1) 

where *q q q= -  - rotor position error. 

CO.4.2. Asymptotic decoupling of position control and direct current control 

subsystems.  

CO.4.3. Linearization of position control subsystem.  

4.2 Design of the position control algorithm  

Algorithm is designed in a similar way as proposed in the previous Section for 

speed control. As parameters are considered as constants, non-saturated model (2.15) 

is used for the control design. Algorithm is designed using back ï stepping design 

procedure [54]. 
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4.2.1 Position controller design 

Relation between speed and position is presented below 

 q w= . (4.2) 

From (4.2) position error dynamics is 

 
*q w q= - . (4.3) 

Speed reference *w  from (4.3) can be derived as  

 
* * k ,qw q q= -  (4.4) 

where kq - proportional position gain. 

Substitution (4.4) into (4.3) gives  

 kqq w q= - . (4.5) 

Solution of the equation (4.5) shows that condition ()
t
lim 0q
­¤

=  can be achieved 

if condition ()
t
lim 0w
­¤

=  is achieved. 

For the further design, derivative of the speed reference has to be found. In case 

of position control, it is not known data, but has to be derived from speed reference 

(4.4) considering (4.5): 

 * * * 2k k kq q qw q q q w q= - = - +. (4.6) 

4.2.2 Speed controller design 

From (2.15) speed error dynamics is following: 

 ( ) () ( )* * * *

q q d L L n d q d q

3 1Ĕi i i T T p L L i i ,
J J 2 J

= + Ö - - - - - + -
n n

w m w w w  (4.7) 

Quadrature current reference *

qi  from (4.7) taking into account (4.6) is  
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q w q

w

n
w q q w
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w

å õ
= + + + - +æ ö

ç ÷
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 (4.8) 

Speed error dynamics after substitution (4.8) into (4.7) is 

 
() ( )( )* *

L d q n d q d q q

L i

3 1
k T i i p L L i i i ,

J 2 J

T k .

å õ
=- + - + + - +æ ö
ç ÷

=

w
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 (4.9) 

Condition ( )
t
lim , 0q w
­¤

=  can be achieved only if current errors ( )d q
t
lim i , i 0.
­¤

=  

Quadrature current reference derivative is required for the current controller 

design. It can be taken from (4.8): 
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 (4.10) 

where *

q1i  is known function; 
( )

()
*

q2 L*

d

k k
i T

i

q w

m

+
=  - unknown function.  

4.2.3 Q-axis current controller design 

From (2.15) q-axis current dynamics is following: 

 ( )* *s d
q q q d n M n q q

q q q q

R L 1 1
i i i i p p u i

L L L L
=- + - - Y + -w w . (4.11) 

Current controller can be composed from (3.6) as 
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q s q d n d M n q q1 i1 q q

q ii q

u R i L p i p L i k i x ,

x k i .

w w= + +Y + - -

=
 (4.12) 

In (4.12) only known part of the current reference derivative *

q1i  can be 

compensated. 

Substitution (4.12) into (4.11) gives  

 

( )

()q iq q q L*

d

q ii q

k k
i k i x T ,

i

x k i .

q w

m

+
=- - -

=

 (4.13) 

System (4.13) is the same as current error dynamics in speed control controller 

(3.8) but k kq w+  is substituted instead of kw. 

4.2.4 D-axis current controller design 

Current controller for d-axis is designed similarly. From (2.15) d-axis current 

dynamics is 

 ( ) q* *s
d d d q n d d

d d d

LR 1
i i i i p u i

L L L
=- + + + -w . (4.14) 

Voltage reference along d-axis is formed from (3.9) as  

 
( )* *

d s d q n q d d i1 d d

d ii d

u R i L p i L i k i x ,

x k i .

w= - + - -

=
 (4.15) 

Substitution (4.15) into (4.14) gives  

 d id d d

d ii d

i k i x ,

x k i .

=- -

=
 (4.16) 

Total error dynamics of the system is 
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 (4.17) 

 d id d d

d ii d

i k i x ,

x k i .

=- -

=
 (4.18) 

In the system (4.17) three subsystems are presented: the first equation describes 

rotor position error dynamics, the second and third equations show speed error 

dynamics, in the last two equations q- axis current error dynamics is presented. 

Controller gains ( )i i iik ,k ,k ,k ,k 0q w w >  can be selected in a such way that whole system 

will be stable. Results from theory of cascaded systems suggest to construct the current 

dynamics given by two latest equations in (4.17) to be at least two times faster than 

speed loop dynamics. The speed dynamics must be faster than position dynamics. In 

this case, system stability can be achieved.  

Controller

(Fig. 4.2)* *
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Fig. 4.1. - Block diagram of the electric drive with proposed position controller 
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Fig. 4.2. - Structural scheme of the proposed position controller 
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System (4.18) determine direct current error dynamics are not connected with 

system (4.17) dynamics. Thus, control objective CO.4.2. is achieved. Moreover, 

system (4.18) has a typical structure, as a result condition ()d
t
lim i 0
­¤

=  is fulfilled for 

all ( )i iik ,k 0> .  

Block diagram of the electric drive with proposed controller (4.4),(4.6), (4.8), 

(4.10), (4.12) and (4.15) is presented in Fig. 4.1. Structural scheme of the controller is 

presented in Fig. 4.2. 

4.3. Research of the position control algorithm 

Following test is proposed to analyze behavior of the derived controller. 

Standard position reference trajectory *q with bounded the first, the second and 

the third derivative is proposed. Maximum value of the first derivative is 

* 100rad s,q=  the second time derivative 
* 2600rad sq =  and the third time derivative 

* 33000rad sq = . Motor accelerates from 0.1s to 0.28s. Position is changing linearly 

from 0.28s to 1.4s. After that motor start to decelerate for 0.18s until position remains 

constant. Direct current 
*

di 5A=-  is applied at 0.8s for 0.4s. Current acceleration and 

deceleration last for 0.01s. Nominal load torque ( )14Nm  is applied from 0.4s to 1.8s

. Controller gains are 1ik 1000,=  
2

ii 1ik k 4,=  k 100,w=  
2

ik k 2w w= , k 50.q=  

Motor is modelled using derived model (2.12), (2.13). Static and dynamic 

inductance values determined in the previous Section are used (Fig. 2.11). Simulation 

is performed using software MATLAB 2014B for the motor which parameters are 

presented in Appendix B. Main cycle of the modelling program is presented in 

Appendix D. From position error and speed error transients in Fig. 4.3, it is clear that 

processes in position control and direct current subsystems are not fully decoupled as 

variation of the current di  causes dynamic errors to the position transient. The reason 

of this error appearance is following: Controller was designed for non-saturated model, 

moreover it requires accurate knowledge of the motor parameters. Real motor 
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parameters tend to variate due to temperature, saturation, time, etc. As a result, 

coupling between current equations is not fully compensated and such errors emerge.  

 

 

 

Fig. 4.3. - Transients during simulation if derived speed algorithm is used  
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Fig. 4.4. - Transients during experiment if derived position algorithm is used  














































































