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SELF-COMMISSIONING OF SENSORLESS AC MOTOR DRIVES 

ABSTRACT 

 

Feyzullah Erturk, PhD 

The University of Texas at Dallas, 2019 

 

 

 

 

 Supervising Professor: Dr. Bilal Akin 

 

 

 

 

For higher energy efficiency and greater motion control flexibility, inverters are used to drive 

electric motors. High-performance operation of motor drives requires complicated control 

algorithms and corresponding motor parameter information. Nonetheless, the users may not have 

the required skills or tools to obtain accurate motor data for high-performance control. Therefore, 

it is necessary for commercial motor drives to have highly accurate self-commissioning 

capability. The motor drive parameters obtained by self-commissioning are essential to design 

the current and speed controllers; high-frequency signal injection based sensorless control, 

observer-based sensorless control, and energy efficiency improvement schemes such as 

maximum torque per ampere (MTPA) control. Yet, established self-commissioning methods are 

not mature enough to provide self-sufficient, robust, and complete solution and also to fully 

cover newly emerging motor types such as interior permanent-magnet synchronous motors. In 

order to improve them, the dissertation focuses on a comprehensive study on the end-to-end self-

commissioning of general-purpose industrial sensorless ac motor drives. The dissertation targets 

full coverage of all motor drive parameters in a self-sufficient way through step-by-step 

estimation of the relevant parameters. The proposed parameter estimation methods are applicable 

to all AC motor types whenever the motor nature allows so. First of all, a novel method for 

spatial inductance map identification is proposed to estimate relevant inductance values which is 

used to tune the current controller. This method uses open loop voltage injection with automatic 

selection of injection amplitude and frequency and does not need rotor position information. 

After current-loop auto-tuning, a precise and robust method for initial rotor position is presented 
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for synchronous motors. Later, estimation methods for stator resistance and saturated 

inductances are provided for all AC motors. Also, the nature of induction motor introduces 

unique difficulties in the standstill estimation of magnetizing inductance and rotor resistance. 

Existing traditional methods of low-frequency current injection and flux integration are not 

successful enough to provide robust results that can be replicated in many different motor-

inverter pairs. A simple novel method that makes use of the redundancy of resistive drops during 

dc-magnetization of the motor is presented to solve to these difficulties. Upon finishing 

stationary tests, rotational test is required for the estimation of mechanical parameters. Inertia 

estimation and consequent speed-loop auto-tuning has some challenges such as automatic test 

torque selection satisfying most of the practical conditions with varying mechanical inertia and 

loads, creating controlled speed oscillations, and robust signal detection during the test. This 

dissertation proposes novel solutions to these. Overall, this dissertation proposes an end-to-end, 

self-sufficient, and robust solution for self-commissioning of sensorless industrial AC drives.  
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CHAPTER 1 
1. INTRODUCTION 

INTRODUCTION 

 
 

Electric motors are the work horse of the civilization. As they are widely used in economic 

activities, they use most of the generated electric energy around the globe. Without them, many 

processes in factories cannot be efficient, cost-effective, and flexible if not impossible. In most 

of the 20th century, dc motors were the primary choice because of their ease of control. 

However, the progress in control theory, signal processing, and semiconductor technologies led 

to the development of power electronics and then the accelerated usage of ac motors for variable-

speed and other high-performance applications.   

High-performance control of motor drives requires complicated algorithms and hence accurate 

motor parameters. The motor drive parameters obtained by self-commissioning are used to 

design the current and speed controllers; high-frequency signal injection based sensorless 

control, observer-based sensorless control, and energy efficiency improvement schemes such as 

maximum torque per ampere (MTPA) control.  

Nonetheless, the users of the motor drive may not be a subject-matter expertise in motor 

parameter estimation or they may not have the necessary tools to obtain accurate motor data for 

high-performance control. Therefore, commercial motor drives are used as a parameter 

measurement tool because inverters are equipped with dc-link voltage and phase current sensors. 

Also, inverters naturally acts as a voltage source with the capability of generating arbitrary 

functions. As a result, the market expectation for a motor drive is to have highly accurate self-

commissioning capability. As the self-commissioning routine of a motor drive has self-sufficient 

parameter estimation flow, requires minimum input from the user, causes less faults, and covers 

many motor types,  it becomes more appealing to the market. Although there are commercial 

drives with self-commissioning capability and published parameter estimation methods for 

electric motors, they are not mature enough to provide self-sufficient, robust, and complete 
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solution to fully cover newly emerging motor types such as interior permanent-magnet 

synchronous motors in an unified approach.  

In response, this dissertation focuses on a comprehensive study on the end-to-end self-

commissioning of general-purpose industrial sensorless ac motor drives. The dissertation targets 

full coverage of all motor drive parameters in a self-sufficient way through step-by-step 

estimation of the relevant parameters. The proposed parameter estimation methods are applicable 

to all AC motor types whenever the motor nature allows so.  

To sum up, the main objectives of this dissertation are: 

i. Cover whole self-commissioning procedure as self-sufficient flow 

ii. Approach self-commissioning as a unified procedure for several AC motor types 

iii. Propose novel methods for parameter estimation in control loop auto-tuning 

iv. Propose a novel IM magnetizing curve identification method for standstill test. 

This dissertation covers the self-commissioning of all ac motors. Synchronous motors are 

summarized in Figure 1.1 although the figure simply shows IPMSM as it includes properties of 

SPMSM and SynRM as well. Similarly, the self-commissioning of IM is given in Figure 1.2. 

The related chapter parts are also given next to the estimated parameters and loop auto-tuning 

methods in both cases. 
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Figure 1.1. Self-commissioning test sequence for IPMSM drive. 
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Figure 1.2. Self-commissioning test sequence for IM drive. 
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The outline of this dissertation is given below.  

Chapter 2 proposes a novel method for spatial inductance map identification to estimate relevant 

inductance values which is used to tune the current controller. This method uses open loop 

voltage injection with automatic selection of injection amplitude and frequency and does not 

need rotor position information. All motor types are applicable. 

Chapter 3 discusses the estimation of stator impedances. First of all, precise and robust initial 

rotor position is presented for synchronous motors. Later, estimation methods for stator 

resistance and saturated inductances are estimated for all AC motors.  

Chapter 4 proposes a novel method for standstill identification method for IM magnetizing 

curve.  The nature of induction motor introduces unique difficulties in the standstill estimation of 

magnetizing inductance and rotor resistance. A simple novel method is presented to solve to 

these difficulties. The same method can have a simple plug-in for rotor resistance estimation. 

This is counted as transient test. Also, at the end, steady-state sinusoidal test is also detailed as an 

alternative method for rotor resistance estimation. 

Chapter 5 proposes a novel inertia estimation method for speed-loop auto-tuning. Normally, this 

procedure has some challenges such as automatic test torque selection satisfying all mechanical 

loads, creating controlled speed oscillations, and robust signal detection during the test. This 

dissertation proposes novel solutions to these. When speed loop is tuned, permanent-magnet flux 

linkage can be estimated using a simple rotational test. This is presented at the end of the 

chapter. 

Finally, the dissertation concludes with a summary of information and experience gained 

throughout the study. Overall, this dissertation proposes an end-to-end, self-sufficient, and robust 

solution for self-commissioning of sensorless industrial ac drives.   
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CHAPTER 2 
2. SPATIAL INDUCTANCE MAP IDENTIFICATION AND CURRENT-LOOP AUTO-TUNING 

SPATIAL INDUCTANCE MAP IDENTIFICATION  

 

AND CURRENT-LOOP AUTO-TUNING 

 
 

2.1. Abstract 

This chapter of the dissertation presents a comprehensive study on current loop auto-tuning for 

self-commissioning of sensorless interior permanent magnet synchronous motor (IPMSM) drives 

which can also be applied to other motor types. Well-tuned current controllers are essential both 

for high performance operation and self-commissioning procedure. However, current controller 

design parameters i.e. Ld and Lq are not known at the beginning of self-commissioning procedure 

where their estimation also has unique challenges. For example, initial rotor position to 

determine the actual d– and q–axes is not known. Also, feedback controllers cannot be used in Ld 

and Lq identification because they are not tuned yet. As a solution, this dissertation proposes a 

method to estimate the spatial inductance map by spatially scanning the motor via sinusoidal 

voltage injection in an open-loop but controlled (safe) manner. Then it uses the estimated 

inductance values to tune the current controllers. The proposed method identifies Ld and Lq 

values without actual d– and q–axis positions using open-loop voltage injection. The whole 

procedure takes around a second. Practical considerations such as automatic selection of the 

injection voltage, and digital control and dead-time effects are carefully addressed. The findings 

are experimentally verified on a 3–phase IPMSM drive. Furthermore, although the theory is 

developed using  IPMSM, the applicability of the proposed method in different motor types is 

also demonstrated experimentally. 

2.2. Introduction 

Interior permanent magnet synchronous machine (IPMSM) has been gaining popularity in 

several applications due to its higher efficiency and power density. High performance operation 

of IPMSM requires complicated control algorithms and corresponding motor parameter 
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information. Nonetheless, the users may not have the required skills or tools to obtain accurate 

motor data for optimal control. Therefore, it is necessary for commercial motor drives to have 

highly accurate self-commissioning capability. The results obtained by self-commissioning are 

essential to design the current and speed controllers; high-frequency signal injection based 

sensorless control, observer-based sensorless control, and maximum torque per ampere (MTPA) 

control. 

Typical functional flow of a high-performance self-commissioning procedure is given in Figure 

2.1. Here, the first step is current loop auto-tuning which is necessary for the next steps of the 

self-commissioning as well as regular drive operation. Therefore, this chapter of the dissertation 

focuses on ‘Step–1’ in order to facilitate the other steps. The motor inductances obtained in 

Step–1 can also be used in the design of high-frequency signal injection (HFI) based sensorless 

control [1] which is used in initial rotor position detection [2] (Step–2) and rotational part of self-

commissioning (Step–5 and –6). Stator resistance (Step–3) and inductance saturation 

characteristics (Step–4) are identified after current loop is auto-tuned and d– and q–axis position 

is obtained at Step–1 and –2.  Overall, this estimation order is devised to enable the sensorless 

drive finish the self-commissioning with very limited initial motor data such as standard 

nameplate voltage, current, speed ratings and pole number. 
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Figure 2.1. Self-commissioning test sequence for IPMSM drive. 

High-performance current controller design requires motor parameters, especially the 

inductances. At the very beginning, these parameters are unknown, therefore d– and q–axis 

inductance (Ld and Lq) should be estimated first. In the literature, several inductance estimation 

methods for IPMSM are proposed. In [3], recursive least squares (RLS) estimator is used to 

identify electrical parameters of IPMSM. Initial rotor position is detected as the first step. The 

procedure uses current and speed controller to force the desired identification test signals. In [5], 

an improved inductance estimation method is proposed considering saturation effects. It utilizes 

square-wave current references to ensure stationary rotor and obtain saturated inductance values. 

Proportional-resonance current controller is selected to track sinusoidal reference. In [7], a self-

commissioning method is proposed to detect the initial rotor position and then estimate the Ld 

and Lq. Here, d–axis current controller is chosen in order to overcome the effect of inverter 

voltage distortion and it is roughly tuned based on the assumptions regarding the motor 
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parameters. The dilemma of using current controller for inductance estimation during self-

commissioning is acknowledged in [8]. Here, adaptive control theory is used to estimate the 

motor parameters where these estimated parameters are used in the feedforward term to relieve 

the burden on the current controller. Reference [9] suggests a self-commissioning method that 

identifies the inductances by applying voltage pulses. Here, initial rotor position is assumed to be 

known. In order to improve the accuracy in such methods, it is possible to align the rotor to a 

known angle (e.g. zero) when identifying inductances [10]. The relay feedback based auto-tuning 

is proposed for IPMSM in [11]. Relay feedback causes controlled limit cycle in the system and it 

is a widely used technique in the process industry [12]. Basically, this method uses the limit 

cycle to identify the plant model first, and then accordingly design the controller using 

predefined rules (e.g. Ziegler-Nichols). The limit cycle under relay feedback can only occur due 

to the digital control delay because motor winding is a first-order system. Therefore, the authors 

of [11] use low-pass filters to reach 180° phase delay at the targeted limit-cycle frequency. 

Inductance identification for current-loop auto-tuning is challenging for a few reasons. First, as 

Ld and Lq may be in wide range and initially unknown, they should be identified by open-loop 

voltage injection rather than current injection using current controller. However, some studies 

cited above assume that the controllers are already tuned and they directly pass to the parameter 

estimation stage [3]. Without known motor parameters, it is relatively hard to tune the controller 

and assure its stability, robustness, and bandwidth. Current controller usage before parameter 

identification creates dilemma because controller tuning requires some knowledge about motor 

parameters. On the other hand, some studies acknowledge this dilemma and they first estimate 

the motor parameters in open-loop manner or adaptively to design the controller [8]. Second 

reason is that the initial rotor position is not known which determines the d– and q–axis and 

hence the inductances at these axes. Many studies do not mention the initial position issue or 

assume that the initial position is known [4], [8], [11] whereas others use an initial rotor position 

detection algorithm [3], [7] or align the rotor to a known angle (e.g. zero) [10]. The initial rotor 

position detection may be achieved using some methods which requires motor inductances [1]. 

Therefore, similar to current controller, employing initial position detection before parameter 

identification creates dilemma because its design requires knowledge on motor inductances. 
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This dissertation proposes a simple and practical solution to estimate d– and q–axis inductances 

for current loop auto-tuning of an unknown motor. It offers solutions to aforementioned 

problems of the first step of self-commissioning. Hence, the inductance estimation is carried out 

by open-loop sinusoidal voltage injection. However, to be able to safely execute the procedure 

over many different motors, an algorithm for automatic selection of the injection amplitude and 

frequency is proposed. Furthermore, to rule out any initial rotor position requirement, the 

proposed method obtains the spatial inductance map over 180° which includes both Ld and Lq as 

minimum and maximum spatial inductances. The practical issues such as digital control effects 

and the voltage distortion due to the inverter dead-time are studied and the corresponding 

solutions are provided as well. The whole procedure takes around a second. Furthermore, it is 

experimentally verified that the proposed method can practically be employed in all ac motor 

types. This feature also contributes for building motor-agnostic drives, meaning drives can run 

any ac machine. 

2.3. Spatial Inductance Mapping Algorithm 

Fundamentally, parameter estimation algorithms inject test voltage to motor and observe current 

response. When current controller is used, the test voltage would automatically be determined by 

the controller. However, this approach is not suitable for current-loop auto-tuning in self-

commissioning as discussed earlier. Therefore, this dissertation adopts open-loop high-frequency 

voltage injection with an automatic selection of test voltage whose amplitude and frequency are 

determined by the algorithm depicted in Figure 2.6. Basically, using the amplitudes and phases 

of current feedback and injected voltage reference, inductances are calculated to auto-tune the 

current loop.  
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Figure 2.2. Inductance dependence on rotor position in IPMSM. 
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Furthermore, the inductance of IPMSMs is angle dependent as described in Figure 2.2; therefore, 

rotor position is needed for Ld and Lq estimation. However, it is not known at the beginning. 

Possible solutions such as aligning the rotor to a known angle or using initial rotor position 

detection may not be possible in all applications. As a solution, this dissertation proposes spatial 

inductance mapping by spatially scanning the motor. The minimum inductance is assigned to Ld 

and the maximum inductance to Lq. Accordingly, Ld and Lq are estimated without needing initial 

rotor position knowledge. Voltage injection and inductance estimation are carried out on γ–axis 

of fictitious γ–δ frame whose angle (θe) is assigned by the algorithm. By sweeping the θe, the 

whole rotor is scanned to obtain Ld and Lq values which is described in Figure 2.3. Through 

incremental angle steps (∆θe), a scan of 180° is sufficient to find Ld and Lq. 

2.3.1. Basic Methodology 

This section discusses how Ld and Lq are estimated without the knowledge of the initial rotor 

position. A sinusoidal high-frequency voltage is injected thorough γ–axis as given in (2.1), while 

δ–axis voltage is zero as shown in (2.2). 

                (2.1) 

     (2.2) 

Then, the motor experiences the voltages in (2.3) and (2.4) on d– and q–axes. Here, θr is the 

unknown initial rotor position whereas θe is assigned by the proposed method during the spatial 

scanning process. Figure 2.3 depicts these angles. 

                          (2.3) 

                          (2.4) 
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These voltages force the currents given in  (2.5) and (2.6). Here, stator resistance and inverter 

voltage distortion are momentarily ignored.  

   
  

   
                     (2.5) 

   
  

   
                     (2.6) 

Then, the d–q frame currents in (2.5) and (2.6) are transformed back to γ–δ frame and iγ in (2.7) 

is obtained. Here, the aim is to express the spatial inductance L(θe) in terms of Ld and Lq. 

    
           

  
 

           

  
 
  

 
           (2.7) 

From (2.1) and (2.7) and the assumption that the stator resistance and inverter voltage distortion 

are ignored, the spatial inductance may be analytically represented by (2.8). This implies a 

spatial inductance variation similar to Figure 2.2 as the θe is swept from 0° to 360°. 

      
 

 
           

  
 

           

  
 
 

(2.8) 

When (θe–θr) is around 0° or 180°, the effective inductance at γ–axis becomes approximately Ld. 

Similarly, when (θe–θr) is around 90° or 270°, Lq is the effective inductance seen from γ–axis. 

Hence, the proposed method spatially scans 180° through incremental angle steps (∆θe) as 

depicted in Figure 2.3 and calculates the inductance at each angle step. After 180° search, the 

minimum calculated inductance is assigned to Ld and the maximum one is assigned to Lq. This 

approach guarantees that the actual d– and q–axes are inside the scanned area as shown in Figure 

2.2 and enables whole auto-tuning process without knowing the initial rotor position. 
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2.3.2. Inductance Calculation 

Inductance is estimated following each ∆θe increments. As sinusoidal injection is used, the 

inductance can be estimated by impedance relation given in (2.12).  Here, the amplitudes and 

phases of γ–axis voltage and current are obtained from the Goertzel blocks in Figure 2.5 and 

used in (2.12).  

To derive (2.12), the injection voltage is decomposed into two parts; one being in phase with the 

resulting γ–axis current of (2.9) and the other being 90
o
 phase shifted. Because of this phase 

relation, the first term is resistive voltage and the second part is inductive voltage which is also 

expressed in (2.11). By equating (2.11) and the second term of (2.10), the inductance expression 

is obtained in (2.12). This process can also be visualized using phasor in Figure 2.4. 

                (2.9) 

                                                 (2.10) 

     
   

  
                     (2.11) 

      
  

   
           (2.12) 

Note that (2.12) uses            term to reject the resistive voltage of stator resistance and 

inverter voltage distortion from the inductance estimation. Note that the distortion voltage 

behaves as current-dependent nonlinear resistance [13] and in some cases, it can be more 

dominant than the stator resistance as a resistive term. Therefore, it is important to introduce a 

mitigation approach against the resistive effects for more accurate inductance measurements.  
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Figure 2.4. Phasor representation of voltage components. 

2.3.3. Signal Detection 

Inductance estimation requires the amplitude and phase of the injected voltage and the resultant 

current. Thus, the signals are detected using Discrete Fourier Transform (DFT) with Goertzel 

algorithm implementation, shown in Figure 2.5 [17]. IIR part of the Goertzel algorithm is given 

in (2.13) which has vγ or iγ as input for n=0 to n=N–1. After executing the IIR part with zero 

input when n=N, FIR part is implemented as (2.14). Then, signal amplitude and angle is found 

by taking polar form of the complex number y[n]. By means of this algorithm, measurement 

robustness and precision is achieved through low processing power and memory requirement. 

                  
 

 
               (2.13) 

                
 

 
        (2.14) 
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Figure 2.5. Signal amplitude and phase detection with Goertzel algorithm. 

2.4. Injection Voltage Amplitude and Frequency Selection 

In practical application, the amplitude and frequency of the injection voltage is imperative due to 

the unknown parameters. Depending on the motor under test, the resultant current might be too 

low to provide meaningful information due to poor signal-to-noise ratio (SNR), or too high 

resulting in over-current fault. Therefore, the algorithm depicted in Figure 2.6 automatically sets 

the appropriate injection signal amplitude and frequency. Basically, this algorithm searches the 

suitable voltage and frequency pairs. In this way, injection signal can successfully be selected. 

2.4.1. Initialization of Voltage Amplitude and Frequency 

Since the motor parameters are not known at this stage, initial values for injection voltage 

amplitude and frequency are critical. Hence, it is proposed to start with low initial voltage (Vi0) 

and high initial frequency (fi0) so that initial motor current is minimized.  
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Figure 2.6. Automated injected signal identification procedure 
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Here, fi0 selection depends on sampling frequency. Naturally, it should be selected as high as 

possible to increase inductive impedance where the upper limit is the Nyquist frequency. At 

Nyquist frequency, injected voltage becomes square wave because digitally-controlled inverter 

behaves as zero-order hold (ZOH). Since the square wave includes high harmonic content, the 

resulting current would have significant harmonic components beyond Nyquist frequency. 

Subsequently, sampling this distorted current would cause aliasing in the fundamental 

component. Therefore, it is suggested to select fi0 as one tenth of the sampling frequency. This is 

also detailed in Section 2.6.2. 

For Vi0, a value smaller than IGBT voltage drop can safely be selected as a simple guidance 

because the injection voltage should be higher than IGBT drop to cause current flow. However, 

Vi0 can be selected much lower in expense of short convergence-time penalty in the order of 

milliseconds. After selecting Vi0, (2.15) is used to cross-check the minimum motor inductance 

that can be measured at or below rated current.  

     
   

           
 (2.15) 

2.4.2. Voltage Amplitude and Frequency Search 

After starting with low and safe current level, the injection signal needs to be increased in order 

to enhance SNR through the algorithm in Figure 2.6. The proposed approach defines a range, 

minimum (Imin) and maximum current (Imax) limits and then keeps the resulting current amplitude 

(Iγ) within these limits before calculating the inductance. The purpose of using Imin is to provide 

robust current measurement considering SNR and analog-to-digital converter (ADC) bit size and 

avoid inductance measurement at very low current levels. Imin selection puts a limit for maximum 

motor inductance that can be measured which is expressed in (2.16).  
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 (2.16) 

If Iγ is outside the Imin – Imax interval, a correction action is executed at the nodes 1 and 2 in 

Figure 2.6. In the first case, Iγ might be less than Imin. If the current has never been higher than 

Imax during the inductance measurement at a given spatial angle (θe), then the voltage is simply 

doubled. But if the current has previously exceeded Imax (VsmaxFlag=T), the injection voltage is 

selected as the average of the present voltage and Vsmax. To narrow down the search interval from 

the upper side, Vsmax is set to the voltage in which Iγ exceed Imax.  

In the second case, Iγ might be higher than Imax. If the current has never been less than Imin during 

the inductance measurement at a given spatial angle (θe), then the voltage is simply halved. But if 

the current has previously gone below Imin (VsminFlag=T), the injection voltage is selected as the 

average of the present voltage and Vsmin. To narrow down the search area from the lower side, 

Vsmin is set to the voltage which reduces Iγ less than Imin. During the test, the realizable voltage is 

limited by dc-link voltage. Therefore, the proposed method puts a maximum voltage limit as Vlim 

which is defined in (2.17) representing the maximum achievable voltage in the linear PWM 

region. 

     
   

  
 (2.17) 

When the calculated voltage amplitude becomes higher than this voltage limit, the injection 

frequency is halved as illustrated in Figure 2.7–b. Hence, motor impedance [~ωiL(θe)] and the 

required minimum injection voltage [~ωiL(θe)Imin] decrease. The frequency is successively 

decreased until the current converges to the designated range between Imin and Imax or the 

minimum frequency limit is reached. 
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To illustrate how the algorithm works, two examples are given in Figure 2.7. The grey areas 

represent the allowed convergence points of injection voltage amplitude and frequency. In the 

first case, the initial current is below Imin; therefore, the voltage is increased and then the 

algorithm converges. In the second case, possibly because of higher machine impedance and/or 

the lower dc-link voltage, the algorithm converges only after hitting Vlim and then decreasing the 

frequency. 
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Imax Imin
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Figure 2.7. Examples of injection signal automatic selection procedure. (a) Case 1: No frequency 

change. (b) Case 2: Frequency change. 

2.5. Controller Tuning   

This dissertation uses model based controller tuning. The current loop model is shown in Figure 

2.8  where Vdc is used as compensation in the controller to neutralize the dc-link voltage variation 

and its effect on loop gain. For simplicity, only one axis current controller is visualized. 
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Figure 2.8. Control loop model. 

For simplicity, only one axis current controller is visualized. In the literature, there are various 

approaches to tune current controller. One of them is to design a controller in continuous domain 

using well-known methods such as symmetrical optimum and then discretize it [18]. On the 

other hand, other methods for direct discrete-domain design are also proposed especially for the 

cases with low sampling to fundamental frequency ratio [19]. This dissertation uses a relatively 

simple method to demonstrate the effectiveness of the proposed auto-tuner. Using the estimated 

Ld and Lq values, the self-commissioning algorithm automatically tunes the current controller, 

given the phase margin of θpm and loop cross-over frequency of ωc. The delay due to digital 

control may be compensated by selecting higher phase margin. Ignoring the resistance, the open-

loop transfer function (OLTF) is given in (2.18). Accordingly, PI controller gains of Kp 

(proportional gain) and Ti (integration time constant) are calculated as (2.19) and (2.20). 

           
  

 

       
 

    
                 (2.18) 

   
      

  
 (2.19) 

             (2.20) 
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2.6. Practical Considerations   

2.6.1. Transients Currents due to Voltage Injection 

Sinusoidal voltage application to motors results in sinusoidal steady-state and transient current 

components. Because motor resistance and inductance are not known in advance, die-out time 

for the transient is unknown. To illustrate this argument, a generalized sinusoidal voltage of 

(2.21) is applied to an inductive load with power factor angle of φ at the frequency of ωi, given 

in (2.22). Assuming zero initial current, the closed form current response is provided in (2.23). 

                    (2.21) 

        
       

 
  (2.22) 

      
  

             
 
                           

 
 

     
 
  

(2.23) 

If the amplitude of transient current with decaying exponential form in (2.23) is significant and it 

lasts longer, it can disturb the detection of the sinusoidal current amplitude and phase. Therefore, 

it is proposed to choose the phase of the injected voltage (αv) as zero in order to minimize the 

transient current and provide fast settling at steady-state. In this way, the           term in 

(2.23) becomes negligible because the power factor (φ) in (2.22) approaches to 90° under high 

frequency injection. However, as φ is not exactly  90°, for higher performance, the study chooses 

to insert certain number of period for settling. In addition, DFT based signal detection helps to 

reject the effect of transient current because DFT selects only the injection frequency with its 

band-pass effect. If the voltage and/or frequency updates of the algorithm in Figure 2.6 are 

executed at the end of a fundamental injection period, the whole test benefits from this 

minimized transient current.  
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2.6.2. Digital Control Effects on Voltage Synthesis and Current Sampling 

As a voltage synthesis tool, inverter behaves as zero-order hold (ZOH) because it is digitally 

controlled. ZOH introduces delay and magnitude distortion. Because of this, the motor 

experiences different voltage than the commanded one. This phenomenon is pronounced more at 

high frequencies which is the case for the proposed method. To solve this issue, gain and phase 

behavior of ZOH [21] should be considered which is given in (2.24) where Ts is sampling time. 

        
     

  

 
 

 
  

 

    
  
  (2.24) 

It is preferred that the distortion due to ZOH be rectified in the software. The gain and phase 

compensation should be applied to the voltage reference in the controller as shown in (2.25), 

(2.26), and (2.27) and Figure 2.9.  

                            (2.25) 

      
  

  

 

      
  

 
 
 (2.26) 

        

  
 

 (2.27) 
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Figure 2.9. Compensation for inverter ZOH effect. 
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Figure 2.10. Generated image components due to ZOH. 

Another issue related to digital control is aliasing. Due to its ZOH nature, the inverter generates 

the fundamental voltage and also its images around the multiples of sampling frequency as 

illustrated in Figure 2.10. When the compensation in Figure 2.9 is applied; the voltage realized 

by the inverter can be formulated as in (2.28) which includes harmonics due to ZOH. Here, N is 

the sample number per injection period. Assuming pure inductive load for simplicity, the 

resultant current is given in (2.29). When the injection frequency approaches to Nyquist 
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frequency, the harmonic currents due to ZOH become significant. Then, these harmonic currents 

cause considerable aliasing after sampling the motor currents as given in (2.30). Aliasing on the 

fundamental component is especially critical because Goertzel algorithm selects only this 

frequency. To solve this issue, this dissertation limits the maximum injection frequency to one 

tenth of the sampling frequency so that aliasing effect is minimized. 

                         
 

   
              

 

   
             

 
 

    
                 

(2.28) 

            
  

       
            

 

   
 
 

             

  
 

   
 
 

               
 

    
 
 

                 
(2.29) 

              
  

       
    

 

   
 
 

  
 

   
 
 

  
 

    
 
 

           

(2.30) 

2.6.3. Inverter Distortion Voltage 

Dead-time, gate signal delays, and power semiconductors contribute to the inverter voltage 

distortion [13]. To illustrate distortion characteristics, the inverter phase voltage from the test 

setup used in this study is shown in Figure 2.11 as a function of phase current. The inverter 

distortion is experimentally obtained by storing the reference voltages for steady-state dc current 

values, while the current is regulated at several dc points between 0 and 5 A. As pointed out in 



25 

 

[13] and also understood from Figure 2.11, the distortion voltage behaves as current-dependent 

nonlinear resistor. 
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Figure 2.11. Inverter voltage distortion characteristics. 

Overall system model in γ–axis becomes as given in (2.31) when the inverter distortion is 

included. The distortion voltage referred to γ–axis is given in (2.32) where Vdist (ia/b/c) is the 

distortion voltage due to phase currents (ia, ib, and ic). The block diagram of this model including 

the distortion voltage effects on the motor is depicted in Figure 2.12. 

            
   

  
         (2.31) 

        
 

 
                                  

  

 
                  

  

 
   (2.32) 

Although the inverter voltage distortion alters the dynamics as given in (2.31), the proposed 

method eliminates its effects on the inductance measurement in two ways. First, the resistive 
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nature of the distortion voltage are avoided by explicitly considering the phase angle difference 

between voltage and current as in (2.12), instead of assuming 90° phase due to high frequency. 

Second, harmonic effects due to the nonlinear shape of the distortion voltage are also avoided by 

only considering the injection-frequency components via Goertzel algorithm. Notice that the 

proposed method does not use dead-time compensation or identify the distortion characteristics. 

Instead, it algorithmically rejects the distortion voltage effects in parameter estimation. 
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Figure 2.12. Inverter voltage distortion effect on the actual motor voltage. 

2.7. Experimental Results   

Several experiments are carried out to verify the proposed method. The control structure is 

summarized in Figure 2.13 and physical test setup is shown in Figure 2.15. 
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Figure 2.13. Block diagram of the experimental system. 

 

Figure 2.14. Experimental setup. 
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Some parameters of the motor drive system are given in Table 2.1. 

Table 2.1. System Parameters  

Motor power 1.5 hp 

Dc-link voltage 300 V 

Base frequency 100 Hz 

Base current 10 A 

Switching frequency 10 kHz 

Dead-time 2 µs 

Imin 0.5 A 

Imax 5 A 

Vi0 0.02 V 

fi0 1 kHz 

Settle time 2 periods 

Scan angle step size 1 degree 

2.7.1. Spatial Inductance Map 

The proposed method scans the motor by measuring the inductance at discrete spatial angle 

points, incremented by 1 electrical degree. Although the algorithm is developed to scan 180°, in 

this part, the whole rotor is scanned to better visualize the performance. The spatial inductance 

map result is given in Figure 2.15. Ld and Lq are compared to the ones obtained by a reference 

close-loop self-commissioning method detailed in [3]. Here, Ld and Lq are estimated as 6.4 mH 

and 13.0 mH respectively, where the reference method yields 6.3 mH and 12.9 mH as given in 

Table 2.2. 
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Figure 2.15. Experimental result for spatial inductance mapping 

2.7.2. Auto-Tuned Current Loop: Dynamic Performance 

Sinusoidal reference tracking and step response performances are provided in Figure 2.16. 

Following the inductance estimation, the control firmware automatically tunes the PI controller 

using (2.19) and (2.20). The cross-over frequency (ωc) and phase margin (θpm) are selected as 0.8 

kHz and 60°, respectively. It is apparent that the auto-tuned current loop is stable. It can track a 

1-kHz sinusoidal reference with approximately 40° phase delay and its settling time is 

approximately 1 ms for step reference changes.  
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Figure 2.16. Performance of auto-tuned current loop: Step reference (left) and sinusoidal 

reference (right) tracking. 
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2.7.3. Start-Up without Over-Current Fault 

Safe start-up is proven by showing the initial voltage search process in Figure 2.17.  
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Figure 2.17. Phase-A current : The safe start-up of the proposed method. 

The algorithm starts at 1 ms and it converges to a suitable voltage at 37 ms. The voltage is 

increased 12 times to satisfy 0.5–A Imin requirement. Each measurement time includes 3 periods 

of injection (2 for settling and 1 for DFT). The voltage is initialized as 0.02 V which causes 

negligible current flow initially. But, due to geometric increase in the injection voltage 

amplitude, the algorithm safely converges to a suitable voltage value in a short time without 

causing over-current fault. 
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2.7.4. Immunity Against Inverter Distortion Voltage 

The inverter distortion voltage is more influential at lower frequencies because inductive voltage 

drop decreases with frequency while the distortion voltage stays more or less constant. 

Therefore, in order to better visualize the immunity of the proposed method against inverter 

voltage distortion, the initial value of the injection frequency (fi0) is decreased to 100 Hz here. 

The spatial inductance estimation result is given in Figure 2.18. The first case calculates the 

inductance using       
  

        
 and hence, ignores stator resistance and distortion voltage. 

Therefore, when the distortion voltage is comparable to inductive voltage, erroneously higher 

inductances are estimated. The second curve in Figure 2.18 is the proposed solution of (2.12) 

which considers the signal phase angles to reject the resistive and distortion drops from the 

estimation. It gives almost the same result as Figure 2.16 and proves the immunity against 

inverter distortion effects. 
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Figure 2.18. Immunity against inverter voltage distortion at low injection frequency. 
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2.7.5. Application to Other Motor Types 

Although the proposed method is discussed mainly for IPMSM, it can be applied to other motor 

types as well. This makes it a candidate of universal current loop auto-tuner aimed for self-

commissioning. For verification, a brushless dc (BLDC) motor and a surface-mounted PMSM 

(SPMSM) are examined as shown in Figure 2.19. SPMSM is a 9-slot, 8-pole design and it does 

not show any saliency. On the other hand, the BLDC motor has a slight saliency although its 

datasheet does not give detail on spatial inductance variation. Furthermore, induction (IM) and 

synchronous reluctance motors (SynRM) are also tested and the spatial variations of IM leakage 

inductance (Lσ) and SynRM inductance are provided in Figure 2.19. Since only Lσ is limiting the 

current transients, it is the only relevant inductance for current loop tuning in IM. Therefore, only 

it is considered here, rather than magnetizing inductance. Furthermore, q–axis flux of SynRM 

has a unique feature that differential Lq is relatively higher around zero current until a little 

current saturates the thin iron bridges in the rotor. Therefore, to obtain nominal Lq value of 

SynRM, a little more current should be there in the test. This translates into higher Imin selection 

when applying the proposed method to SynRM. 

The estimated values of the proposed method are compared to the ones obtained by a close-loop 

self-commissioning [3]. The comparative results for all tested motors are given in Table 2.2. In 

order to avoid repetition, current controller performances of these machines are not given here. 

Overall, this result shows that the proposed method can be applied to practically all AC motors.  

For non-salient motors, the spatial scanning can be opted out because spatial scanning generally 

is not necessary due to non-saliency. So, opting out may decrease test time slightly. In this case, 

inductance estimation is done at only one spatial angle such as θe=0.  
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Figure 2.19. Application of the proposed method in BLDC, SPMSM (upper) and SynRM, IM 

(lower). 
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Table 2.2. Verification of the Estimated Parameters 

 

 

 

 

2.8. Summary 

This chapter of the dissertation presents a complete solution for current loop auto-tuning as the 

first step of self-commissioning procedure which is essential for sensorless IPMSM drives. The 

proposed method accurately measures the motor d– and q–axis inductances which are then used 

to obtain desired dynamic response of the current controllers through a simple tuning approach. 

There are a number of superiorities of the proposed method. First, it utilizes an open-loop 

voltage injection method and hence eliminates the need for feedback controller during 

inductance estimation. The injection amplitude and frequency are selected automatically less 

than 100 milliseconds without causing any disruption in the system. Second, it does not need the 

initial rotor position detection or physical alignment of the rotor to a known angle, and hence 

agnostic to initial position. Third, the parameter estimation in the suggested approach is not 

affected by the inverter voltage distortion. Also, its successful application to different machine 

types shows that the proposed method is a strong candidate to be universal current loop auto-

tuner for commercial motor drive self-commissioning. 

This chapter was previously published as [22].  
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CHAPTER 3 
3. INTIAL ROTOR POSITION, STATOR RESISTANCE, AND SATURATED INDUCTANCE IDENTIFICATION 

INTIAL ROTOR POSITION, STATOR RESISTANCE, AND SATURATED 

 

INDUCTANCE IDENTIFICATION 

 
 

3.1. Abstract 

This chapter of the dissertation presents a comprehensive study on stator impedances estimation 

for self-commissioning of sensorless interior permanent magnet synchronous motor (IPMSM) 

drives. Specifically, d– and q–axis inductances, namely Ld and Lq, as well as stator resistance 

estimation methodologies are discussed in detail. Those parameters are necessary for high-

performance motor control such as observer-based sensorless control, HFI-based sensorless 

control, maximum-torque-per-ampere (MTPA) control. Therefore, high-end industrial drives 

should have a detailed parameter estimation capability in their self-commissioning and this 

chapter targets to provide such solutions for a general-purpose industrial drive. Although the 

methods are developed for IPMSM case here, they can simply be used in other popular industrial 

motor types such as induction motor (IM) and synchronous reluctance motor (SynRM).  Hence, 

single engineering effort and microcontroller code can simply be used in different types of motor 

in the field. The introduced methods are experimentally verified after the review of the state-of-

the-art, theoretical description of and reasoning behind the introduced methods.  

3.2. Introduction 

After estimating Ld and Lq and auto-tuning the current controller in Section 2, we can pass to the 

identification of stator resistance and saturated versions of Ld and Lq inductance here. To identify 

all of them, the first thing to have is rotor position so that the true position of d– and q–axis is 

obtained. Otherwise, incorrect inductances are obtained and also rotor can move due to the 

torque generation. Therefore, here we follow the order of 1) initial rotor position detection, 2) 

stator resistance estimation, 3) saturated inductance estimation. This order is to have a self-

sufficient self-commissioning routine. 
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3.3. Initial Rotor Position Detection 

For self-commissioning of sensorless interior permanent magnet synchronous motor (IPMSM) 

drives, rotor position knowledge is pre-requisite for stator resistance estimation and saturated 

inductance estimation. The reason is that rotor position determines the d– and q–axes. 

Accordingly, to prevent average torque generation in the measurement of these parameters and 

achieve standstill rotor as well as to correctly measure the saturated inductances, true rotor 

position is of paramount importance. Therefore, just after current loop auto-tuning in Step–1, 

initial rotor position is detected in Step–2 as shown in Figure 3.1. 
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Figure 3.1. Self-commissioning test sequence for IPMSM drive. 

At this point we have two options for initial rotor position detection. 
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3.3.1. Minimum Inductance in Spatial Inductance Map from Step–1 

First one is to use the angle that give the Ld and Lq in spatial inductance measurement in current 

loop auto-tuning. That means the information in Section 2 can be used for multi-purpose. Along 

with initial inductance estimation for current loop design, the spatial angle that provides the 

minimum inductance can be used in initial rotor position detection. In fact, this angle is a 

candidate for the rotor position because in the spatial inductance map, there are two dips. 

Therefore, the angle can be the true d–axis or 180
o
 degree shifted one as shown in Figure 3.2. 

Which angle that gives inductance dip is correct? This will be determined using magnet polarity 

detection procedure. 
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Figure 3.2. Inductance dependence on rotor position in IPMSM. 

3.3.2. High-Frequency Signal Injection (HFI) Based Sensorless Control 

High-frequency signal injection (HFI) based sensorless control shown in Figure 3.3 and Figure 

3.4 simply locks to the spatial angle with minimum impedance [1].  
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Figure 3.3. HFI-based sensorless position estimation integrated into field-oriented control. 
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Figure 3.4. HFI-based sensorless position estimation structure (the details of "HFI Sensorless" 

block in Figure 3.3). 

With the help of HFI, the initial rotor position can be found. Notice that to prevent unintentional 

rotation, speed loop should be disabled and Id and Iq should be controlled to zero current until the 

HFI settles to an angle. However, HFI also has 180
o
–ambiguity as it can settle to true d–axis or 

180
o
 degree shifted position (negative d–axis). Therefore, in both approaches, magnet polarity 

detection is necessary to solve this ambiguity. 



42 

 

3.3.3. Magnet Polarity Detection 

The initial position estimation coming from both HFI and spatial inductance map of Step–1 are 

subject to 180
o
 degree ambiguity because these are the spatial angles with minimum inductance. 

As the motor has two angles satisfying this property, which one is true rotor position? This is 

determined here in magnet polarity detection (MPD) procedure. 

MPD is basically make use of saturation of the motor in d–axis. Without any current in d–axis, 

the motor has already d–axis flux due to the permanent magnet. Therefore, any extra current 

supporting the magnet flux in the d–axis increases the saturation of the motor. That means the 

flux linkage is asymmetric with positive and negative Id. 

The early solution to MPD is checking the second harmonic sign during the HFI operation [1]. 

Due to the flux asymmetry in positive and negative current, a sinusoidal excitation cause an 

unbalanced current flow which means even harmonic component. However, this method may not 

be robust [2] because the second harmonic content may be too low if the motor does not saturate 

heavily with the current during HFI operation. Basically, the performance depends on the motor 

design and whether permanent magnet flux saturates the motor or not. A more robust method is 

need to securely saturate the d–axis flux. 

The other solution can be the voltage pulse application with certain amplitude and time duration 

in the initially estimated position and the 180
o
–degree shifted angle [3]. Due to the asymmetry 

around zero current, the same amount of flux addition and subtraction from permanent-magnet 

flux linkage cause different amount of current peaks. Then checking the peak current provides 

the magnet polarity because the higher peak current implies the true d–axis. This method is more 

robust than the second-harmonic based approach. 

This dissertation uses differential inductance comparison around a constant test current at d–axis. 

To make use of the flux asymmetry around zero Id, this test current is applied at the same 
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amplitude but both positive and negative sign at the initially estimated position. Lower 

differential inductance implies the true d–axis. 

The proposed method in this dissertation utilizes similar approaches as [2]. However, the 

proposed method in this dissertation has an improved robustness. While the method in [2] 

compares the high-frequency (HF) current amplitude around Id=0 and Id=Itest, the proposed 

method in this dissertation utilizes Id=–Itest and Id=+Itest. This point is important when the initially 

estimated rotor position is 180
o
–degree off. In this case, the HF current amplitude has similar 

values at around both Id=0 and Id=Itest because the differential inductances at those currents are 

comparable. Then, a small measurement error or slight differences in motor magnetic properties 

can cause robustness issues in the method in [2]. However, in case the initially estimated rotor 

position is true, the method in [2]  is robust as the HF current amplitude has distinct values at 

around both Id=0 and Id=Itest because the differential inductances at those currents are remarkably 

separated. In short, it does not always use the highly saturated region depending on initial 

position error being zero or 180
o
 degree off; therefore, it may not be robust when the current 

does not reach the highly saturated region (initial position error being 180
o
 degree off). 

As a solution, the proposed solution improves the robustness by applying test current of Id=–Itest 

and Id=Itest, which always includes the highly saturated region in the test as show in Figure 3.5. 

This guarantees the robustness of the solution. 
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Figure 3.5. d–axis flux linkage and the high frequency excitation around the test currents of the 

proposed method. 

The test current is shown in Figure 3.6. This current determines the magnetic operating point in 

the d–axis. As the high-frequency voltage injection continues, high-frequency flux excitation has 

same amplitude in Mode-0 to Mode-3. At Mode-0, HFI simply finds the true or 180
o
 degree off 

rotor position. Then at Mode-1 and Mode-2, this ambiguity is solved. Mode-3 is used to enable 

the angle correction under zero current to minimize the dynamics. The durations of these modes 

are determined by the loop speeds. Mode-0 time duration is selected by using the settling time of 

the HFI-based sensorless position estimation as depicted by tsettle,HFI in Figure 3.6. In addition, 

current loop bandwidth determines the time duration of Mode-0 to -3 as depicted by tsettle,current in 

Figure 3.6. 
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Figure 3.6. The d–axis test current of the proposed method. 
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Figure 3.7. The high-frequency current measurement and magnet polarity detection of the 

proposed method. 

The differential inductances can indirectly be compared by using the HF current amplitudes. A 

single-bin Discrete Fourier Transform (DFT) tuned at the injection frequency is used to 

determine the amplitude. DFT execution to only one injection period is sufficient. As Mode-1 

and Mode-2 employ Id=–Itest and Id=Itest test currents, respectively, if the HF current at Mode-1 is 

greater than that of Mode-2, then this implies the 180
o
–degree off rotor position estimation. To 

correct this ambiguity, 180
o
 is added to the angle estimation at the end of Mode-3 as shown in 

Figure 3.7. Then, normal operation can start or self-commissioning can resume the next step. 
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3.3.4. Experimental Result 

The proposed initial rotor position detection method is experimentally verified with the motor in 

Table 2.1. In mode-0, HFI first finds the d–axis direction in 30 ms. Then, 5–A Itest is applied with 

10–ms durations in Mode-1 and -2 while HFI is active as shown in Figure 3.8. The HF current 

amplitudes are 2 A and 3 A, respectively for Mode-1 and -2 which also proves the distinct 

separation between the HF current amplitudes. The test also says the initially estimated rotor 

position was correct in this particular case because Ihf1<Ihf2. 

  

Figure 3.8. The d–axis current during the proposed initial rotor position detection. 

3.4. Stator Resistance Estimation 

The next step in the self-commissioning test sequence is the stator resistance estimation as shown 

in Figure 3.9. The same method shown here can be used in all motor types includes synchronous 
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(SynRM, IPMSM, and SPMSM) and induction motor types. Stator resistance information is used 

in the observers design and possibly for improving current controller tuning on top of Step–1 in 

Section 2 which only used inductances for this purpose. As now the stator resistances will be 

available, the current loop may consider it and update the design. 
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Figure 3.9. Self-commissioning test sequence for IPMSM drive. 

In general, electrical parameter estimation requires injection of tests signal into the identified 

object and observation the resulting signal. If this test signal is voltage, then the resulting signal 

is current, or vice versa. Amplitude and/or phases of these test and resulting signals can be used 

to identify the electrical parameter. 

Stator resistance can easily be measured by using ohmmeter or manually calculated using Ohm 

law. However, an automated test is highly desirable using the electrical drive and it has several 

points to consider. 
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3.4.1. Cable and Power Semiconductor Resistance 

First of all, using inverter to measure stator resistance is advantageous because it will include the 

resistances of cable and power semiconductors. Those resistances physically exist and influence 

the drive operation. They are particularly important at low-speed operation because widely used 

speed/position sensorless control methods are inherently error-prone at low speed. Therefore, 

accurate resistance information and distortion voltage compensation are very important. Because 

the inverter-based stator resistance measurement inherently includes cable and semiconductor 

resistances, it improves overall performance and quality of the electric drive. 

3.4.2. Current vs. Voltage Injection Based Tests 

The stator resistance measurement can be achieved by injecting a known and constant voltage 

and then observing the resulting current amplitude. Or, it also can be done injecting a known 

constant current and observing the injected constant voltage to force this current. 

Although the first approach of open-loop constant voltage injection does not require a well-tuned 

current controller as a prerequisite, it has inherent shortcomings. The fundamental practical 

problem is how to select the suitable voltage amplitude for the test. The test voltage can cause 

over-current fault if the resistance is too low. Or it can cause very low current which may inhibit 

gathering accurate information. Overall, in practical sense, open-loop voltage is not an attractive 

choice. 

On the other hand, injecting dc current does not have these problems and corresponding time-

consuming iterations because current controller determines the injection voltage automatically. 

In fact, many motor parameter estimation procedures behaves well with current controller. With 

a well-designed current controller, current settles to the reference in a predictable time. This, in 

turn, eases the procedure automation in the final product. 
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In short, this work uses constant current injection based approach to estimate the stator 

resistance. This is also possible thanks to the tuned current controllers in Step-1. (Section 2). 

3.4.3. Injection at d– or q–Axis 

Self-commissioning procedures generally target standstill parameter estimation. This is highly 

desired because rotor movement may not be allowed in some practice applications. As stator 

resistance estimation procedure uses steady-state current excitation, this can create torque 

generation and rotor movement. Therefore, in synchronous motors, stator resistance is estimated 

by injecting the constant current in actual motor d–axis because it will not create torque and 

hence undesirable and uncontrolled rotor motion. For induction motors, rotor movement is not a 

concern because there is no permanent magnet or saliency-based reluctance torque generation. 

Just injecting at a constant spatial angle is sufficient, be it α– or β–axis or any other angle. The 

only requirement is to keep the angle constant during the test. 

3.4.4. Inverter Voltage Distortion 

Common practice in the electric drive industry is to measure dc-link voltage and phase currents. 

It means the actual motor voltages are not measured. Measuring the inverter phase voltages are 

not desirable because they are highly contaminated by PWM harmonics. Perhaps, their 

measurement may not be very helpful especially at low phase voltages (such as during stator 

resistance estimation) because of isolation and low-pass filtering requirements as well as the 

undesirable measurement phenomenon such as offset and gain nonlinearity. Therefore, generally 

the phase voltages are roughly estimated from the PWM voltage references and dc-link voltage 

measurement. 

However, the actual inverter output voltage differs from the reference voltage because of the 

inverter distortion. The inverter distortion exists because the ideal voltage pulse commanded by 

the PWM voltage references is not realized by the inverter. The reasons include the dead-time 
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insertion to prevent shoot-through in the inverter leg, turn-on and turn-off signal delays in the 

control hardware such as isolators and gate drivers, power semiconductor voltage drops, and 

power semiconductor output capacitance charging and discharging time (more visible at low 

phase currents). 

Since the inverter distorts the synthesized voltage due to the dead time, signal delays, and device 

voltage drops, it is necessary to consider the effect of the distortion voltage in the stator 

resistance estimation. For this purpose, it is better to first examine the distortion voltage whose 

example is provided in Figure 3.10. It is obvious that the distortion voltage is a nonlinear 

function of phase current. Also, it has mainly two regions, one with linear voltage-current 

relation at lower current and the other with flat distortion voltage at high current. 
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Figure 3.10. Inverter distortion voltage with respect to phase current. 

A simple robust solution should not need the exact characteristics of the distortion voltage. It 

should find the stator resistance value without any knowledge of the distortion voltage. Even if 

one tries to obtain the exact characteristics, it is practically difficult to measure the distortion 

voltage with high accuracy at the low current region. Then, a reliable solution can be the use of 
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flat distortion voltage region at high current because it is easy to measure this voltage and it is 

simply constant over the wide current region. Then, by injecting two distinct current values, the 

distortion voltage becomes redundant in both voltages. Consequently, the inverter distortion 

voltage does not prevent correct stator resistance estimation.  

In steady-state, the voltage reference becomes as (3.1). If the two test currents are selected high 

enough that it is in flat region of the distortion voltage, then the distortion voltage is simply equal 

to each other as (3.2). The reference voltage difference at the two test points is given in (3.3). 

Using this, the stator resistance can be calculated as (3.4). 

                  (3.1) 

                      (3.2) 

                                                      (3.3) 

   
       

       
 (3.4) 

3.4.5. Transients 

To be able to apply Ohm's law, steady-state constant voltage and current have to exist 

simultaneously. As the stator winding of all electrical motors includes both resistive and 

inductive components, the variation in voltage or current results in a transient. Therefore, the 

stator resistance estimation algorithm should be activated after the stator flux reaches steady-

state and does not change anymore as shown in Figure 3.11. Therefore, before activating the 

stator resistance estimator, a sufficient waiting time should be allocated to consider this flux 

settling time. For synchronous motors, the stator flux settling time is directly related to current 

settling time. When current settles to the steady-state constant value, the stator flux also settles. 

However, for induction motor, the flux settling time is not directly limited by current loop speed. 
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The flux in the induction motor settles according to the rotor time constant when excited by a 

constant current. In most of the practical induction motor drive cases, current loop time constant 

is much lower than the rotor time constant.  

As a result, to determine the waiting time, rotor time constant is the decisive factor in induction 

motor while the current loop time constant can be used for this purpose in synchronous motors. 

In practice, there is no strict maximum limit on this waiting time. However, lower than necessary 

waiting time may result in parameter estimation inaccuracy. Therefore, conservative waiting 

times can safely be chosen. For example, several multiples of current loop settling time in 

synchronous motors and rotor time constant in induction motors can be used. 
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tsettle tsettle
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Figure 3.11. The d–axis test current for the Rs identification method. 

3.4.6. Measurement Noise 

Measurement noise is unavoidable in practice. Therefore, directly applying Ohm's law using 

noisy voltage and current may cause some inaccuracy in the estimation. Therefore, voltage and 

current should be filtered in some form. In this dissertation, we apply simple averaging of N 

samples. This translates into ttest in Figure 3.11 as given in (3.5). The averaging is 
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mathematically defined as (3.6) for voltage and (3.7) for current. This is equivalent to the dc 

term of N-sample DFT and also the moving-average FIR-type low-pass filter with N-length. 

           (3.5) 

    
 

 
       

 

   

 (3.6) 

    
 

 
       

 

   

 (3.7) 

3.4.7. Experimental Result 

In the experimental verification of the stator resistance, the structure in Figure 3.12 is used. The 

vector current control is used and the initial rotor position is used in Park transform. The test 

current waveform in Figure 3.11 is used. 
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Figure 3.12. Test structure for Rs estimation. 
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Using the equations (3.6) and (3.7), the voltage and current amplitudes are filtered and detected. 

Then, those values are used in (3.4) to calculate the stator resistance. The whole process is 

summarized in Figure 3.13 which is also represented as a block in Figure 3.12. 
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Figure 3.13. Rs estimation block. 

An experiment is carried out with the motor in Table 2.1 and Table 4.1. The current waveform is 

provided in Figure 3.14. The estimation outcome is 0.65 Ω for IPMSM and 0.72 Ω for IM. 
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Figure 3.14. Current and voltage during Rs estimation – Upper: IPMSM and Lower: IM. 
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3.5. Saturated Inductance Estimation 

In practice, the motor inductances are current-dependent as magnetic material presents nonlinear 

behavior. Therefore, at every different operating point, it can be expected different flux linkage 

and hence inductance. To enable high-performance control of the motor, it is better to have a 

detailed magnetic model of the motor. Finite-element method (FEM) can provide this 

information. However, in most practical cases, this is not a viable option for the following 

reason. First, most of the cases, FEM is not available to the motor driver because motor 

manufacturer and drive manufacturer are different. Second, FEM may fail to model all the 

physical phenomenon. Third, manufacturing process can cause a difference between the finite 

element model and the real physical motor. As a result, the drive should have a capability to 

characterize the magnetic model of the motor by test. In the self-commissioning procedure in 

Figure 3.15, this is shown as Step–4. 

Current Loop 

Auto-Tuning

Initial Rotor Position 

Detection

Stator Resistance

Saturated Inductance: 

Ld(id, iq) and Lq(id, iq)

Speed Loop 

Auto-Tuning

Permanent-Magnet 

Flux Linkage

Step-1

Step-2

Step-3

Step-4

Step-5

Step-6

S
tatio

n
ary

 T
ests

R
o

tatio
n

al T
ests

 

Figure 3.15. Self-commissioning test sequence for IPMSM drive. 
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The easiest method is perhaps the rotational test [4]. In this method, the motor is rotated 

externally at a constant speed. Then, in a true vector control setting, a constant current is injected 

and the required voltage amplitude (current controller output or direct measurement) is stored. 

Using the voltage, current, and electrical frequency, the inductance value can easily be 

calculated. In this method, the flux maps as a function of both Id and Iq can be obtained by 

scanning the Id and Iq values over their range. Overall this is a powerful method, but it requires 

external tools such as dynamometer which externally regulates motor speed and keep it constant 

despite torque generation during the test. Therefore, it is only viable solution when such a 

infrastructure is available.  

For a general-purpose drive, this rotational test is not a suitable solution. Perhaps, a stationary 

test while the rotor is at standstill can be the preferred choice. In such an approach, there is no 

need to spin the motor externally or decouple the motor from the mechanical system. In the 

literature, there are two main approaches.  

First approach is frequency-domain impedance based and uses steady-state sinusoidal injection. 

It estimates the differential (incremental) inductance at operating points by injecting steady-state 

sinusoidal current [7]. A pair of dc Id and Iq is referenced to current controller to determines the 

operating point. Then, a small ac component is used to excite and linearize the system around 

that point. Then, using well-known impedance relations in frequency domain, differential 

inductance is calculated. At last, by integrating all the differential inductance values with respect 

to current, flux linkage versus current map can be obtained. This study chooses the first 

approach. 

Second approach is flux integration type and uses current transients after the voltage pulse 

application. It applies hysteresis current control while applying very high voltages almost whole 

dc-link voltage as the hysteresis controller output [9]. In this test, flux linkage is linearly rises as 

time passes because flux linkage is simply the integration of the applied constant voltage 

(momentarily ignoring resistive drop). However, current does not linearly changes, but follows 
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the nonlinear relation between current and flux linkage. Overall, storing both flux linkage and 

current, flux linkage versus current map can be obtained.  

3.5.1. Method 

This study chooses the frequency-domain impedance method. The initial rotor position, which is 

found in Step–2, it will be used in Park transform. Hence, the same current controller is used just 

like normal vector control. This approach (using the same current controller and avoiding 

redundancy) simplifies the control firmware structure and provides efficient use of 

microcontroller resources.  

Notice that the method here is developed for IPMSM, but IM leakage inductance with saturation 

can also be estimated by the same method. The only difference is that there is no need to apply 

current at two axes. Applying dc+ac current at one spatial direction is required. Also, SynRM is 

a special form of IPMSM; hence, it can also benefit from the method presented here. Here, the 

other major difference between synchronous and induction motors is the time required for 

reaching the steady state. In synchronous motors, the transient time is dictated by current 

controller bandwidth whereas the rotor time constant determines the transient time in induction 

motor. Overall, the single engineering effort can be used in practically all motor types with small 

adjustments. 

The test algorithm supplies the current references to the current controller as shown in Figure 

3.16. Then, the inductance estimation block in Figure 3.16 whose detail is given in Figure 3.17 

takes the voltage references and current feedbacks of d– and q–axes. It calculates the differential 

inductance at that point. Then, these differential inductance can be integrated with respect to 

current to find the flux linkage characteristics. Recall that only the estimated axis includes ac 

component, but both have dc current component to determine the operating point. 
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Figure 3.16. Test structure for saturated inductance estimation. 
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Figure 3.17. Ld an Lq estimation block. 
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Figure 3.18. Signal amplitude and phase detection with single-bin DFT algorithm. 

As the impedance method is used, we need the amplitudes and phase difference of voltage and 

current signals. The Discrete Fourier Transform (DFT) is for this purpose. DFT is powerful tool 

for robust signal detection. Measurement imperfections are unavoidable in practice. But, highly 

selective nature of DFT contribute high-accuracy signal detection. In Section 2, DFT is 

implemented by Goertzel Algorithm. However, here single-frequency direct calculation is 

adopted. Below, it is described how the impedance-based method works. 

Assume the voltage and current signals with same frequency, but arbitrary phase and amplitude 

are given in (3.8) and (3.9). Decomposing voltage signal into two parts in (3.10) gives one 

component in phase with current and the other component with 90
o
 phase shifted. Here, the 

voltage component which is in phase with the current is resistive drop. On the other hand, the 

voltage component which is 90
o
 phase shifted with respect to the current is inductive drop. The 

inductive drop can also be calculated from current as in (3.11). Also, when equating these two, 

the inductance value can be obtained as in (3.12). 

              (3.8) 
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              (3.9) 

                                              (3.10) 

 
  

  
                (3.11) 

  
 

  
           (3.12) 

The inductance equation requires the phases and amplitudes of voltage and current which are 

calculated through DFT.  

Single-frequency DFT can easily be implemented recursively as shown in Figure 3.18. 

Consequently, DFT is calculated simultaneously with the test and there is no need to store all the 

samples. As a result, efficiency in processing power and memory as well as test time is achieved 

while the band-pass nature of DFT attains a high degree of accuracy and suppression of the 

uncorrelated noise. 

DFT calculation for i and v is shown as in (3.13)–(3.16). Here, N is the sample size of DFT. It is 

a better practice that N samples correspond to an integer number of ac signal period. In this way, 

spectral leakage is avoided. 
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 (3.14) 
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The complex multiplication and summation in DFT can be implemented as separate real and 

imaginary parts and then the signal amplitude and phase in the polar form can be calculated as in 

(3.17)–(3.21). Here, only current is shown, but it is also applicable for voltage signal. 

             (3.17) 

   
 

 
           

 

 
 

   

   

 (3.18) 

    
 

 
           

 

 
 

   

   

 (3.19) 

               (3.20) 

         
  
  
  (3.21) 

3.6.1. Test Current Selection 

Although the current waveform looks simple square wave, the timing and phase difference 

between d– and q–axes have important consequences. The main consideration is to keep the 

rotor stationary.  
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The simplest solution is to apply square-wave current. The square wave guarantees zero average 

torque at steady-state. With help of friction and high-enough square-wave frequency, and short 

test duration, rotor can be kept stationary. However, on top of theses, the transients should also 

be considered to provide fully balanced torque in both positive and negative sign. In one test 

point, the incremental angle and speed variation should return to initial value. Therefore, the 

timing and phase difference between d– and q–axes require special attention. 

To address this issue, three stages are defined in the estimation: start, estimation, and finish parts 

as shown in Figure 3.19. The relative timing of Id and Iq current references are selected to create 

zero average torque in one estimation point. This is also summarized in Figure 3.20 showing the 

exaggerated speed responses. As visible there, both fundamental magnetic torque and reluctance 

torque average out to zero. 

0

Start Part Estimation Part Stop Part

Iq

Id

 

Figure 3.19. Current references for staurated inductances – when cross-saturation is included. 
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Figure 3.20. Mechanical torque and idealized speed response due to the test currents – when 

cross-saturation is included. 

Notice that in practice, static friction as well as short duration are also contribute to keeping the 

rotor stationary, in addition to the special current waveform selection. It is always better to keep 

the square wave frequency as high as possible. However, it is also limited by current control 

bandwidth. For example, the current change from positive to negative one or vice versa takes 

some time. Furthermore, sinusoidal current frequency is limited by current loop bandwidth. Also, 

too high injection frequency can lead lower than actual inductance because of the B–H curve and 

hysteresis curve nature at high frequency.  

Each measurement point includes the current settling time for step reference change and at least 

two periods of injection. The second ac signal period can be used in the estimation. Notice that 

the estimation part in Figure 3.19 includes 4 measurements with (+Id, +Iq), (+Id, –Iq), (–Id, +Iq), 

and (–Id, –Iq) cases. 

In practice, the limited current-loop bandwidth restricts the square-wave frequency. Therefore, it 

can be challenging to apply a stationary test to include cross-saturation as Ld(Id, Iq) and Lq(Id, Iq). 
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Therefore, in practice, to include saturation effect of only the self-axis saturation as Ld(Id) and 

Lq(Iq) by keeping cross-axis current at zero can be opted because for an general-purpose motor 

drive with limited test capability, it is easier to achieve stationary rotor with limited current-loop 

bandwidth.  

3.6.2. Experimental Result 

The method is experimentally tested on the motor described in Table 2.1 for IPMSM and Table 

4.1 for IM. The differential inductance estimates are provided in Figure 3.21 for IM and in 

Figure 3.22 for IPMSM.  
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Figure 3.21. IM leakage inductance – Lσ(Is). 
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Figure 3.22. IPMSM differential inductances – Upper: Ld (Id) and Lower: Lq(Iq) 
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Ac current is selected as 1 A in the tests. To keep the IPMSM rotor stationary, it is necessary to 

use higher ac current frequency than the rated frequency. However, in IM, rated frequency can 

be used. For IPMSM case, the cross-saturation is not considered as even self-saturation is small. 

Therefore, both IM and IPMSM test results show only the self-saturation. As this method finds 

differential inductance, apparent inductance can be derived using the differential inductance 

results. Figure 3.21 for IM exemplify this case. 

3.6. Summary 

This chapter presents the identification of stator electrical parameters in detail. As IPMSM and 

SynRM have position-dependent inductance characteristics, the initial rotor position is a crucial 

information. Therefore, it is detected first, just after Section 2. First, the existing approaches are 

presented, then an improved and robust method is proposed for initial rotor position detection.  

Then, stator resistance estimation is discussed. The essential points to consider when deciding on 

the estimation method is detailed. Then, the practical implementation of two-current-pulse 

method considering these points is provided. 

Lastly, inductance estimation considering saturation is discussed. First, the two main approaches 

in the literature, namely steady-state ac-injection based impedance method and the transient test 

based flux integration method, are described. Then the frequency-domain impedance-based 

inductance estimation is detailed with practical implementation details. 

Overall, these methods are designed to be used in all ac motor as much as possible. For example, 

initial rotor position detection is suitable for synchronous motors, but SynRM may skip the 

magnet polarity detection. And, induction motor can use any angle for these test as it does not 

have magnet. Also, stator resistance test can be used in all ac motors, but the steady-state is 

reached in induction motor with rotor time constant whereas in synchronous motor with current 

loop time constant. Furthermore, the provided saturated inductance estimation method can be 

used to estimate Ld and Lq for synchronous motors where Lσ in induction motors. Notice that 
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magnetizing inductance LM of induction motor requires special treatment as the high-frequency 

current injection is not suitable for it due to the motor structure. And this is done in the next 

section. 
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CHAPTER 4 
4. INDUCTION MOTOR MAGNETIZING CURVE AND ROTOR RESISTANCE IDENTIFICATION 

INDUCTION MOTOR MAGNETIZING CURVE  

 

AND ROTOR RESISTANCE IDENTIFICATION 

 
 

4.1. Abstract 

Modern electric drives use self-commissioning procedure to precisely identify motor parameters 

for achieving high-performance control. Typically, induction motor magnetizing curve is 

identified using no-load rotational test. However, some applications necessitate the electric drive 

to identify the magnetizing curve at standstill conditions. As one of the well-known standstill 

approach, the traditional flux integration exhibit several practical problems. Any imperfection in 

measured current, estimated stator resistance and dead-time compensation directly affects the 

accuracy of the estimated magnetizing curve because of error accumulation in open-loop 

integration. This dissertation proposes a robust yet simple solution against those practical 

concerns. It can identify the magnetizing curve without using any dead-time compensation and 

stator resistance. Merely industry-standard dc-link voltage and phase current measurements are 

used. Its superior features are experimentally verified on a number of motors and the results are 

confirmed by comparing with no-load rotational test results. Its robustness against current offset 

and extra longer integration duration is also proved.  

Finally, rotor resistance estimation is discussed. The same test profile of the magnetizing curve 

identification method can also be used for rotor resistance estimation. Also, an impedance based 

method is presented. 

4.2. Introduction 

High-end induction motor (IM) drive systems deploy various advanced control algorithms to 

implement observer-based sensorless field-oriented control, direct torque control, field 

weakening, condition monitoring to name a few. Most of these methods are highly parameter-
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dependent and requires accurate offline or online parameter identification. For example, stator 

and rotor resistance, leakage and magnetizing inductance are used in observer design to estimate 

flux and speed in sensorless drives. High accuracy in those parameters is highly desired to ensure 

observer and speed estimation stability [1]. Accordingly, current dependent inductance values 

(magnetizing curve) can be used to update the parameters in the observers for better 

performance. Similarly, leakage inductance and inertia play crucial roles on current and speed 

controller designs. Magnetizing curve, which is the main focus of this chapter of the dissertation, 

is also used in flux weakening and efficiency optimization methods [3]. Nevertheless, the electric 

drive users may not have expertise or tools to obtain accurate motor data for optimal control. 

Therefore, it is essential for commercial electric drives to have highly accurate self-

commissioning capability [5].   

A typical functional flow of a high-performance IM self-commissioning procedure is given in 

Figure 4.1. Here, the first step is current loop auto-tuning which is necessary for the next steps of 

self-commissioning as well as regular drive operation. Next, stator resistance (Rs) and leakage 

inductance (Lσ) are identified in Step–2 and –3. Step–4 is the magnetizing curve identification 

which is discussed in this chapter of the dissertation. 

In the literature, a number of estimation methods for IM magnetizing curve are proposed as a 

part of self-commissioning routine. The fundamental method is the no-load rotational test [6]. In 

this test, the motor is accelerated to certain speed such as 2/3 of the rated speed or more, and the 

slip is ignored because the motor is unloaded. Therefore, it is assumed that almost all the phase 

current goes through magnetizing branch because rotor resistance branch behaves as an open-

circuit at no load. Magnetizing inductance can simply be calculated using phase currents, 

reference voltage and frequency. Furthermore, magnetizing inductance can be measured at 

different flux (V/f) levels. This way, the motor drive can simply obtain the magnetizing curve to 

deploy it in motor control. 
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Figure 4.1. Self-commissioning test sequence for IM drive. 

However, the rotational test and corresponding assumptions may not be suitable for certain 

applications. Often, an inverter is connected to a motor which is coupled with a mechanical 

system. It is undesirable and too laborious for the users to decouple the motor from the 

mechanical system. Furthermore, the rotational test with mechanical load may result in poor 

performance, because of the restrictions imposed by the mechanical system and relatively high 

slip value. When the no-load rotational test is not possible, some studies prefer to estimate 

magnetizing inductance by means of the nameplate data such as rated power, current, slip 

frequency, and power factor [10]. However, such calculation cannot be very accurate for each 

individual motor. Also, only the magnetizing inductance (or equivalently no-load current) at the 

rated flux is estimated. That means the relation of magnetizing flux linkage versus current cannot 

be obtained. Therefore, a better solution to estimate the magnetizing curve is a standstill test in 

which the motor is not rotated.  
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We can classify the standstill test approaches as impedance [11] and flux integration [17] 

methods. Some of the early studies in the impedance-based standstill test are reported in [11]. 

Here, the so-called single-phase injection is applied at certain frequencies and the inductance 

values are calculated using impedance relations. Both inverter voltages and currents are 

physically measured and their amplitude and phase angle information are utilized. In [13], a two-

frequency single-phase test method is proposed. However, similar to [11], complex and inter-

dependent formulas are used to calculate the motor parameters. Therefore, T- and Γ-models may 

exhibit inaccurate experimental results as pointed out in [13]. As an improvement to the two-

frequency injection method, [14] proposes a dc-biased injection in order to decrease inverter 

dead-time effects. However, dc bias changes the operating point in the flux saturation curve and 

the result would be the differential (incremental) inductance around the operating point. To 

obtain the whole magnetizing curve, the authors of [15] suggest to gradually increase the injected 

single-phase current amplitude. However, [16] emphasizes that the flux linkages are different 

between the single-phase injection during the test and the nominal operation under three-phase 

excitation. Therefore, instead of zero-average ac signals with varying amplitude, [16] proposes to 

use dc-biased ac signals. Yet, in practice, this may decrease the measurement robustness due to 

the reduced ac signal amplitude. 

Among the flux integration methods, [17] obtain the stator flux by integrating the voltage on the 

stator inductance (dλs/dt) under step current excitation. A similar approach to measure mutual 

inductance is proposed in [19] where motor neutral point is needed. The method in [20] prefers 

to magnetize motor with dc current, apply a zero vector and then execute integration while 

magnetizing flux is decaying. A similar approach which apply ramped voltage and estimates 

magnetizing flux and magnetizing current from IM model is proposed in [22]. 

The limitation of the flux integration method is the open-loop integration of dλs/dt because the 

dλs/dt is not measured but estimated from the so-called IM voltage model using voltage 

references inside current controller, dead-time compensation and the voltage drop on the stator 

resistance. Any inaccuracy in the parameters affects the identified magnetizing curve result at an 

increasing rate proportional to integration time. In practice, it is very difficult to obtain stator 
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resistance with perfect accuracy or fully compensate the dead-time and other inverter 

nonlinearities. Also, current measurement offset is another potential problem because it is used 

to calculate the voltage drop across the stator resistance. All these practical issues contribute to 

the error in dλs/dt estimation and magnetizing curve identification. Moreover, the error become 

worse with the longer integration time. 

Considering all these problems in the existing methods, this dissertation proposes a robust 

solution for standstill identification of IM magnetizing curve. The proposed solution improves 

the flux integration approach and addresses the aforementioned practical problems. First of all, it 

identifies the magnetizing curve without using dead-time compensation and stator resistance 

information; therefore, any imperfection in these cannot influence the magnetizing curve 

identification result. Moreover, it only uses industry-standard dc-link voltage and phase current 

measurements. Measurement of noisy inverter output voltages is avoided. Therefore, it can 

readily be applied in industrial drives with existing hardware. Second, the proposed method 

mitigates the possible errors in the identified magnetizing curve due to the current measurement 

offsets. Third, it provides a handy method to determine the test duration of flux integration. In 

case the rotor time constant is not known, the proposed method can be used to predict it roughly 

to determine the integration time. Furthermore, the proposed method is robust against long 

integration durations; thus, it can tolerate the safe choices of extra long integration duration due 

to the uncertainties on the rotor time constant information. Finally, it can also aid in rotor 

resistance estimation. 

 In the following, Section 4.3 examines the existing methods in detail and Section 4.4 discusses 

the proposed method. Experimental verifications are provided in Section 4.5 using several 

different motors. Section 4.6 introduces rotor resistance estimation. 
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4.3. Evaluation of Main Approaches 

4.3.1. Impedance Based Approaches: Steady-State Test with Very Low Frequency 

Injection 

In the impedance based approach [11], sinusoidal current injection is adopted. Then, the 

impedance values are obtained using the amplitude and phase of the motor voltage and current. 

The input impedance of the IM model in inverse-Γ form [24] of Figure 4.2 is given in 4. LM 

value is then obtained using 4 and the estimated impedance value. 

Rs Lσ

LM RRVs

+

_

is

 

Figure 4.2. Per-phase induction motor model in inverse-Γ form [24]. 

        
  

   
  

   
 
         

  

   
   

  
 
   (4.1) 

In this approach, injection frequency is very critical. The reason is that the short-circuited rotor 

bars create a low-impedance path for the injected current. The rotor circuit impedance (LM // RR) 

exhibits a high-pass filter behavior as shown in Figure 4.3. The frequencies higher than 1/τr 
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experience almost constant gain which is equal to RR. Therefore, in order to acquire reliable 

information from magnetizing branch, the injection frequency should be limited to very low 

values, typically less than 1/τr. In this way, magnetizing impedance becomes less than rotor 

resistance and then most of the current goes through LM and provides information related to LM. 

However, as seen in 4, the input resistive and inductive impedances are complicated functions of 

several motor parameters.  Hence, in order to limit the inaccuracies in RR affecting the LM 

identification, typically the injection frequencies much lower than 1/τr are chosen [16]. This 

frequency range is depicted in Figure 4.3. 
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Figure 4.3. The impedance of rotor circuit (LM // RR). (LM=89 mH and RR=0.48 Ω – the rated 

values of the tested motor IM–1) 

However, such low injection frequency makes the identification process very delicate. Basically, 

the impedance methods depend on the phase difference between voltage and current sinusoids to 

distinguish inductive component from resistive one. However, at very low injection frequencies, 

the inductive effect is very low. Hence, phase difference between voltage and current is low and 

difficult to detect accurately. For example, Figure 4.7 shows for the tested motor IM–1 that 97% 
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of the total impedance comes from the stator resistance because at this very low frequency, 

inductive impedance is so small. When the dead-time induced distortion voltage Vdist (which 

exhibits resistive behavior) is included into the analysis, the situation becomes worse. 
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Figure 4.4. The impedance of IM seen from input. (Rs=0.717 Ω, Lσ=7.2 mH, LM=89 mH, and 

RR=0.48 Ω – the rated values of the tested motor IM–1) 

In addition, magnetizing curve identification requires the flux linkage (or LM) value with respect 

to current change. In the impedance-based approach, small signal inductances may be identified 

using dc+ac current injection where the dc part determines the operating points and the ac part is 

used to find the inductance. Then, the curve of flux linkage versus current may also be found 

from the small-signal inductances [16]. However, this method requires a reduction in ac signal 

amplitude for small-signal excitation. As a result, the combination of low signal amplitude and 

low frequency decreases the robustness of this approach.  
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Overall, the disadvantages of this approach are the injection at very low frequency which 

increases the sensitivity and complex input impedance relation of 4 in which inaccuracy in one 

parameter diffuses to others. 

4.3.2. Flux Integration Approach: Transient Test with DC Magnetization 

In this approach [17], basically a step current is injected into IM for dc magnetization. The flux 

takes approximately 5τr of time to settle down. During this time, the voltage on stator inductance 

(dλs/dt) is integrated to obtain the stator flux linkage. By varying the current amplitude, 

magnetizing flux curve can easily be achieved. 

The motor model is provided in Figure 4.5, including inverter distortion voltage, Vdist. The IM 

voltage model is simply given in (4.2). Here,     is the stator voltage reference inside the 

controller while Vs is the actual but unmeasured motor voltage. Then, the stator flux linkage 

with respect to certain current level Is is found by integrating the estimated voltage on stator 

inductance (dλs/dt) as formulized in (4.3). 
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Figure 4.5. Per-phase IM model in inverse-Γ form, including the dead-time induced inverter 

distortion voltage (Vdist). 
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   (4.3) 

However, this approach bears some practical shortcomings [23]. The fundamental problem is 

that the voltage on the stator inductance (dλs/dt) cannot be measured; instead, it should be 

estimated. Common industry practice in electric drives is to estimate the inverter output voltage 

from dc-link voltage and voltage reference inside controller rather than directly measuring the 

inverter output voltage which is highly contaminated with noises from PWM. As a consequence, 

resistive drops in the stator winding (IsRs), dead-time and inverter power semiconductor induced 

distortion voltage (Vdist) directly affect the estimation of the voltage on the stator inductance 

(dλs/dt). Any inaccuracy in these parameters results in an error term (Verror) in the flux integration 

as shown in (4.4), (4.5), and (4.6) which consequently causes incorrect magnetizing curve 

identification. Notice that during the test, dλs/dt value is naturally low once the stator current 

stabilizes to its reference. Then, dλs/dt value is equal to the magnetizing branch voltage which 

exponentially decays from the initial rotor voltage (IsRR). Therefore, even low Verror might 

remarkably affect the magnetizing curve identification because of the relatively low dλs/dt. In 

addition to that, the integration duration determines the severity of the situation because Verror is 

integrated and its corresponding error in flux identification accumulates with time. 

                                              
    

 

   (4.4) 

                                       
      

                                                   
      

 

    

 

   (4.5) 
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In order solve these problems, this dissertation proposes a robust method which improves the 

flux integration approach without Rs and Vdist information.  

4.4. Proposed Method 

4.4.1. Methodology 

As a flux-integration type approach, the proposed method also uses dc magnetization of the 

motor in order to identify the magnetizing curve. When the stator current is regulated to a 

constant value, the rotor flux needs sometime to converge its steady state value. During this time, 

the voltage reference generated by the current controller decays like in Figure 4.6. Here, the first 

5τr includes the flux term (dλs/dt) to develop the flux, Rs drop and Vdist. However, beyond 5τr, the 

rotor flux settles down and the voltage reference includes only Rs drop and Vdist. The proposed 

method makes use of this redundancy because Rs drop and Vdist exist in the voltage reference 

during both the first 5τr and the second 5τr. In this way, it rules out the need for explicit Rs and 

Vdist values. 

The proposed method is basically applied in two time frames, first 5τr and second 5τr duration. 

For both time frames, the voltage reference (   ) (the current controller output) is directly 

integrated as       
    

 
   and       

     

    
  . Basically the difference between these two 

integrations gives the actual stator flux linkage for the particular current level as given in (4.7) 

because resistive drop and distortion voltage cancel out due to redundancy in the two time 

frames as explicitly shown in (4.8). This equation is also graphically visualized in Figure 4.6 as 

yellow area. In short, the effects of Rs and Vdist on the magnetizing curve identification are 

implicitly taken into account without using their explicit values. 
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Figure 4.6. Stator voltage evolution after step current application. 

4.4.2. Determining the Test Duration 

In (4.7), the duration of flux integration depends on the rotor time constant. However, at this 

stage of self-commissioning (Figure 4.1), rotor time constant (τr) may not be known. As a 
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solution, this dissertation proposes a method that approximately estimates the τr using motor 

nameplate parameters. At this stage, it is sufficient to know where the τr lies roughly. The 

proposed method does not need an exact value as it is robust against extra longer integration 

time.   

A brief vector diagram of current and voltage at the rated operating conditions is provided in 

Figure 4.7 by taking the magnetizing branch voltage VM as reference (zero phase angle). Here, 

the rated stator phase voltage Vs, stator phase current Is, power factor angle φ and slip frequency 

ωslip are known from nameplate. 

In order to roughly estimate τr from nameplate and then determine the duration for integration, 

the well-known slip relation in (4.9) is used. The rated slip frequency is already available from 

the nameplate. Therefore, only the angle α shown in Figure 4.7 is needed to estimate rotor time 

constant as seen from (4.10). 
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Figure 4.7. Vector diagram of IM currents and voltages at the rated operating conditions. 
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 (4.10) 

The angle α can be calculated using nameplate as well as Rs and Lσ values which are previously 

identified in Step–2 and –3 of the self-commissioning procedure. The series impedance of Rs and 

Lσ in complex form is given in (4.11) where ω is the rated electrical frequency in rad/s, Zσ is the 

impedance magnitude and θσ is the phasor angle of the impedance at the frequency of ω. 

           
    (4.11) 

Then, using the vector equality in the imaginary axis of Figure 4.7, (4.12) is obtained. By solving 

it for α, we obtain (4.13). 

                         (4.12) 

     
                

                
 (4.13) 

At last, the estimated τr is provided in (4.14) using (4.10) and (4.13). 

    
 

   

                

                
 (4.14) 

The estimated τr in (4.14) basically provides a reasonable reference for the integration time. To 

be on the safe side, multiples of (4.14) can be used as the flux integration time. Here, the 

increased integration time is not a problem because the proposed method does not use (4.3) 

which is error-prone as shown in (4.4)–(4.6) due to the integration of possible errors in resistive 

drop and distortion voltage. Hence the proposed method is robust to the increased integration 

time which is also verified experimentally. This is a clear advantage while many methods 
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proposed in the literature are sensitive to the integration time due to the open-loop integration of 

errors in Rs estimates and dead-time compensation etc. 

4.4.3. Mitigation of Current Measurement Offset 

The proposed method is robust to current measurement offset errors because the proposed 

method of (4.7) does not include current term as opposed to the traditional method of (4.3). 

Hence the identified flux linkage value does not diverge as the duration of integration increases. 

However, the actual motor current and hence the actual flux linkage in the motor are shifted with 

the offset amount as shown in Figure 4.8. This is unavoidable because the current controller uses 

the current feedback with offset. 

As shown in Figure 4.8, a negative offset causes the current controller to unintentionally regulate 

the current to higher value with the offset amount and result in an increased flux linkage in 

positive currents. Conversely, negative currents experience reduction in flux linkage amplitude. 

Therefore, this dissertation proposes to average the flux linkages under positive and negative 

currents to mitigate the problem as given in (4.15). 

  
        

                   

 
 (4.15) 
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Figure 4.8. The flux shifting in the actual motor due to the current measurement offset. 

Accordingly, both positive and negative currents with the same amplitudes are applied as shown 

in Figure 4.9 and their resulting flux linkages are averaged at each test point (current level) as 

given in (4.15). 
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Figure 4.9. Current references for two consecutive test points. Flux linkages of positive and 

negative currents are averaged to mitigate possible current measurement offset. 



86 

 

In Figure 4.9, when the current reference goes from positive to negative or vice versa, current is 

first regulated to zero with 5τr duration and the flux is allowed to decay to zero before the next 

test. Consequently, the flux calculation at every point starts from zero and does not affect other 

test points.  

4.5. Experimental Results 

Several experiments are carried out to verify the proposed method. As shown in Figure 4.10, test 

algorithm assigns dc current references to the current controller and the corresponding voltage 

reference (current controller output) is directly integrated with two time blocks at each current 

level. Here, the existing vector control structure and dq–frame current controller can be utilized 

with a constant Park transform angle such as 0 or π/2 (equivalently α or β-axis in stationary 

frame). In this way, the whole task can be realized with small additional code which improves 

the microcontroller processing bandwidth and memory utilization.  

The overall experimental system is shown in Figure 4.11 and its parameters are summarized in 

Table 4.1. 

Table 4.1. System parameters 

Motor power 3 hp 

Rated voltage 230 V 

Rated current 8 A 

Rated frequency 50 Hz 

Dc-link voltage 300 V 

Switching frequency 10 kHz 

Dead-time 2 µs 

Measured Rs 0.717 Ω 

Measured Lσ 7.2 mH 
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Figure 4.10. Block diagram of experiment system. 

 

Figure 4.11. Test setup. 
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4.5.1. Traditional Flux Integration Method 

The traditional flux integration uses (4.3) to identify the magnetizing curve. To experimentally 

show the shortcomings of the traditional method, accurate Rs and Vdist values are obtained. 

However, the traditional method is highly sensitive. Therefore, Rs and Vdist need to be iteratively 

fine-tuned to their accurate values that stator resistance is 0.717 Ω and distortion voltage is 

modeled as an arctangent function of phase current as shown in (4.16) and Figure 4.12. The 

accuracy of Rs and Vdist is verified by comparing the results of the traditional method in (4.3) and 

the reference no-load rotational test. Hence, the results in Figure 4.13 shows the accuracy of the 

tuned Rs and Vdist because the traditional method in (4.3) and reference rotational test give almost 

same results for various integration times. 

                 
 

 
             (4.16) 

0 1 2 3 4 5
Phase Current [A]

0

2.5

5

7.5

 
[V

]

Distortion

Voltage

 

Figure 4.12. Inverter distortion voltage with respect to phase current. 
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Figure 4.13. Traditional flux integration under fine-tuned Rs and Vdist values. 

However, in practice, there is hardly any opportunity to iteratively fine-tune the Rs and Vdist 

parameters because the drive does not have a reference magnetizing curve for comparison and 

fine-tuning. Hence, it is very possible to have some identification errors due to Rs and Vdist if the 

traditional method of (4.3) is adopted. For instance, 5% error is introduced in Rs of (4.3) while 

Vdist is kept the same. It is seen in Figure 4.14 that even a small error can cause 100% or more 

error in flux linkage identification. Furthermore, as expected, integration time directly affects the 

severity of this error. 
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Figure 4.14. Traditional flux integration of (4.3) under fine-tuned Vdist, but 5% error in Rs. Rs 

estimate is 5% less (upper) and higher (lower) than the true value. 
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In the next part, 5% error is introduced in Vdist while Rs is kept accurate. Similar to the previous 

case, small parameter mismatch can cause enormous inaccuracies in the identified magnetizing 

curve as shown in Figure 4.15. 
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Figure 4.15. Traditional flux integration of (4.3) under fine-tuned Rs, but 5% error in Vdist. Vdist 

estimate is 5% less (upper) and higher (lower) than the true value. 
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As expected from the previous discussions, the traditional flux integration approach is 

experimentally shown to be very prone to error due to the parameter mismatches in Rs and Vdist. 

In addition, the duration of flux integration worsens the situation. 

4.5.2. Proposed Method 

From the previous experimental results, it is clear that a robust method is needed against 

parameter mismatches and flux integration duration. In the proposed method, the flux linkages 

are calculated using (4.7) at several current levels to adequately cover the whole flux linkage vs. 

current curve. In Figure 4.16, the current waveform is shown during the test. Current rises from 1 

A to 9 A to obtain magnetizing curve. Also, in each current level, both positive and negative 

currents are applied. Then, the resulting flux linkages are averaged as given in (4.15) to mitigate 

the effects of current offset. 

In Figure 4.16, the total test duration is 108 seconds because 5τr is simply taken as 2 seconds 

which is more than the value that is calculated from (4.14). The reason is, as discussed earlier, to 

be on the safe side and not to lose any flux term due to the less-than-necessary integration 

duration because (4.14) can only be as accurate as the nameplate values. Therefore, (4.14) is 

used as a reference point in the selection of more conservative integration duration. 

The identified magnetizing curve is provided in Figure 4.17. It is clear that the proposed method 

matches with the reference curve from no-load rotational test very well. Furthermore, this is 

achieved without using any Rs and dead-time compensation. In this sense, high accuracy is 

obtained with less effort and high robustness. 
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Figure 4.16. Current waveform under the proposed method. 
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Figure 4.17. Identified flux linkage curve with proposed method. 
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4.5.3. Proposed Mitigation Method against Current Measurement Offset 

To verify the robustness of proposed mitigation method against current measurement offsets, a 

500–mA offset is intentionally introduced during the test. Although this too high and may not be 

encountered in practice, it is used to clearly show the effects of current offset and the mitigation. 

As shown in Figure 4.18, the flux linkage amplitudes under positive and negative currents are 

slightly different due to the offset. As expected, positive flux is higher than the negative flux. 

When the proposed averaging method in (4.15) is applied, the result matches very well with the 

reference curve. 
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Figure 4.18. Mitigation of current measurement offset effect on the result. 

4.5.4. Robustness Against Test Duration 

As shown in Figure 4.14 and Figure 4.15, the integration duration can negatively affect the 

identification in traditional flux integration method. Some motors may have larger rotor time 
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constants. Or intentionally a higher integration duration may be chosen to be on the safe side 

because precise rotor time constant information may not be available at this stage of self-

commissioning. Therefore, the deployed method should be flexible and robust against increased 

integration duration. 

-8 -4 0 4 8
-0.8

-0.4

0

0.4

0.8

Current [A]

F
lu

x
 L

in
k

ag
e 

[V
·s

]

1: Reference Curve

2: Proposed - 1000ms

3: Proposed - 1500ms

4: Proposed - 2000ms

5: Proposed - 3000ms

6: Proposed - 4000ms

7: Proposed - 5000ms

1-7

 

Figure 4.19. Variation of integration duration in the proposed method. 

Figure 4.19 shows the identified magnetizing curves for various integration durations where it is 

clear that the proposed method is immune to integration duration variations. Therefore, it can 

easily be used when the rotor time-constant information is not precisely known; and allows the 

usage of longer integration duration to be on the safe side. 

4.5.5. More Samples for Verification Test 

In this section, the test results from another two motors are successfully obtained and depicted in 

Figure 4.20. The nameplate values of the motors are given in Table 4.2. The identified 

magnetizing curves of the motors also matches very well with the reference rotational test curve. 
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Figure 4.20. The results of additional motors tested with the proposed method. IM-2 (upper) and 

IM-3 (bottom). 
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After finding the magnetizing curve, the rated magnetizing current (Id) can easily be calculated. 

Also, it can be used for flux weakening control, flux control for higher energy efficiency, and 

high-performance observers with parameter updates depending on operating points. 

Table 4.2. Motor parameters 

 IM-2 IM-3 

Motor power 5 hp 2 hp 

Rated voltage 230 V 230 V 

Rated current 12.6 A 5.75 A 

Rated frequency 50 Hz 50 Hz 

Measured Rs 0.491 Ω 1.037 Ω 

Measured Lσ 3.9 mH 8.9 mH 

 

4.6. Rotor Resistance Estimation 

Rotor resistance is an important parameter in speed estimation accuracy for sensorless control of 

induction motor. Also, vector control accuracy is dependent on its value in the sensored control 

(due to slip equality). In this sense, the accurate estimate is highly desired. In the self-

commissioning of IM, it is identified at Step–5 as shown in Figure 4.21. However, just like 

magnetizing inductance, its identification is not straightforward due to short-circuited rotor bars 

of induction motor. Major challenges can listed as test signal selection and dead-time and other 

inverter distortion effects. For example, dc steady-state (the case of Rs) cannot be used in its 

identification because all the dc steady-state current will pass through LM. Sinusoidal injection is 

also challenging because too low frequency may corrupt the estimation due to current partition 

with LM and too high frequency may artificially increase the rotor resistance due to skin effect. 

Furthermore, as dead-time and other inverter distortion effect shows resistive behavior, 

separating the rotor resistance from the whole input resistance can be challenging. 
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Figure 4.21. Self-commissioning test sequence for IM drive. 
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Figure 4.22. Per-phase induction motor model in inverse-Γ form [24]. 

As a solution, here two approaches are studied. In both of them, LM should be by-passed in some 

way so that there will be very small current in magnetizing branch to prevent it from 
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contaminating the estimation. This is visualized in Figure 4.22. The generalized estimation 

structure is shown in Figure 4.23 which is applicable in both methods. 
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Figure 4.23. Test structure for rotor resistance estimation. 

4.6.1. Transient Test – Plug-in to Stanstill Magnetizing Curve Identification 

Traditionally, rotor resistance is estimated indirectly by rotor time constant. The rotor time 

constant is then calculated by exponential decay in current or voltage after application of pulse 

signal. However, considering LM is current-dependent, it is better to estimate rotor resistance 

directly, rather than through the rotor time constant.  

This study makes use of the previous test for magnetizing curve identification in the estimation 

of rotor resistance. This test applies a pulse current which first circulate through rotor resistance 

rather than magnetizing inductance and then the current gradually transfers to the magnetizing 

inductance. Accordingly the voltage reference evolves as shown in Figure 4.24.  
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When current just settles to the reference, the voltage reference (i.e. current controller output) 

includes rotor resistance drop, stator resistance drop, and inverter distortion as shown in (4.17) 

and in Figure 4.22. Please notice that the voltage drop on leakage inductance is negligible when 

current settles to the reference. Then after 5τr, the flux settles and rotor current diminishes. At 

that moment, the voltage reference is composed of only stator resistance drop and the inverter 

distortion voltage. 
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Figure 4.24. Stator voltage evolution after step current application. 

This property of the magnetizing curve test can be used to estimate the rotor resistance as given 

in (4.18). Notice that the voltage values at tcs (current settling moment) and tfs (flux settling 

moment) are used which are also located in Figure 4.24. 
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                                     (4.17) 

   
               

  
 (4.18) 

Using the Vs(tcs) and Vs(tfs) as sole samples at those moments (tcs and tfs) may not be good 

practice as the voltage references can be noisy. Therefore, in practice, estimation algorithms 

usually try to minimize noise effects. This study also propose to take the average of the voltage 

and current in certain period of time as shown in Figure 4.25.  
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Figure 4.25. RR estimation block. 

Here, the average sample size for Vs(tcs) case should be limited to a few milliseconds at most 

because the stator voltage is still evolving at that moment as shown in Figure 4.24. For most 

motors the rotor time constant (τr) is in the order of 100 ms or more. Recall that a relevant τr 

prediction from nameplate is already available in Section 4.4.2. Hence, during a few 

milliseconds of averaging, rotor current and stator voltage can be considered as constant; 

consequently, the equations (4.17) and (4.18) hold.  
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However, averaging of Vs(tfs) and Id current in Figure 4.25 can be longer as they are constant in 

the whole second 5τr time frame of the test as shown in Figure 4.24.  

Notice that there is no need to apply dead-time compensation in this approach because Vs(tfs) 

already includes the distortion voltage as well as stator resistance drop. This is a superiority of 

this method over the impedance based approach which is also detailed in the next part. 

4.6.2. Impedance Test – Steady-State Sinusoidal Current Injection 

Rotor resistance can also be estimated using impedance relations as the rotor is reflected to stator 

side through ac coupling with transformer effect. The input resistance is given in (4.19) which is 

the sum of stator resistance and resistive part of the parallel branches (LM // RR). Furthermore, 

inverter distortion voltage has resistive nature. Therefore, distinguishing the rotor resistance in 

the bulk input resistance is challenging. 

       
  

   
  

   
 
  

(4.19) 

It has basically three problems.  

First, RR in (4.19) is buried in an expression with LM. Even though LM is identified in the 

previous part, it is highly desired to have an RR estimation method which is robust to other 

estimations. When looking closely to (4.19), it becomes apparent that the ratio of (LM/RR), i.e. 

rotor time constant, can be used as a reference in injection frequency selection. For example, 

when the injection frequency, ω in (4.19), is selected 5 to 10 times of (1/τr=RR/LM), the 

denominator of (4.19) approaches to 1. In practice, this test frequency is less than 10 Hz for most 

machines. This is good because higher frequency is not desirable because of skin effect. Also, 

the actual rotor current frequency is low (slip frequency – a few Hz in practice). So, the proposed 
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test frequency is reasonable, but still minimizes the effect of other parameters in rotor resistance 

estimation. For example, a similar method in [26] uses too high frequency. 

Second, the impedance based approach requires distortion voltage compensation. However, 

perfect compensation is not possible. To solve the problems of the inverter distortion, dc-biased 

ac injection method is also proposed in [14], [20], [21], [26][25]. However, while dc bias is 

proposed for reducing dead-time and other inverter distortion effects, it changes the magnetizing 

point. Therefore, they mainly use small-signal ac injection. However, it can be challenging due 

to reduced signal amplitudes. Also, when applying the frequency selection approach above, 

much higher frequency should be selected as differential LM is smaller than apparent (chord-

slope) inductance. This may in return increase the rotor resistance due to skin effect which is 

undesirable. 

This study proposes to use high-amplitude ac current injection with zero average. In this way, 

any imperfection in dead-time compensation especially around low-current region can only have 

a limited effect on the RR estimation because the current crosses that region in a very short time. 

Third, the accuracy of the stator resistance estimation has an effect on the RR estimation accuracy 

as seen from (4.25). The solution of this point is perhaps lies in the estimation of stator resistance 

itself. Solutions can be injecting test currents as high and separated as possible in the most flat 

portion of the distortion voltage curve. 

The input resistance is also calculated using DFT as shown in Figure 4.26. Consider a 

generalized voltage and current function in (4.20) and (4.21) respectively. We decompose the 

voltage signal into two orthogonal parts in (4.22) and resistive drop can be expressed in (4.23) 

using current signal. Using (4.22) and (4.23), the input resistance can be calculated as (4.24). 

Lastly, rotor resistance RR in (4.25) is obtained using (4.24) and (4.19). 

              (4.20) 
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Figure 4.26. Rotor resistance estimation block. 

Notice that the estimated rotor resistance is for inverse–Γ model which is calculated from 

physical T–model as shown in (4.26). Then, the physical stator-referred rotor resistance Rr in T–

model can be calculated as (4.27). During the test, as the most of the current passes through rotor 

bars, magnetizing inductance experiences less current. This implies unsaturated inductance due 

to the low-amplitude current excitation in the magnetizing branch. Therefore, (4.27) should be 
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calculated using the Ls and Lσ inductances with respect to the individual current amplitudes 

experienced during the test 

The physical stator-referred rotor resistance Rr can be useful in updating RR in inverse–Γ model 

according to saturation levels of the inductances. 

      
  

  
 
 

 (4.26) 

      
  

     
  (4.27) 

4.6.3. Experimental Results 

In the experimental part, as shown in Figure 4.27, a 5-Hz 8-A sinusoidal current is injected to 

estimate the RR to the IM-1, presented in Table 4.1. Frequency is selected substantially higher 

than the predicted inverse rotor time constant (1/τr). Notice the very slight voltage peaks around 

the current zero-crossings. This is due to imperfect dead-time compensation around a few 

percent of the rated current. Practically, this slight error is mostly unavoidable. As discussed 

earlier, a higher amplitude current can decrease its effect on the estimation substantially. Then 

using (4.25) and (4.27), RR and Rr is found as 0.48 Ω and 0.51 Ω. 
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Figure 4.27. Current injection for RR estimation. 

4.7. Summary 

This chapter of the dissertation presents a robust solution for standstill identification of induction 

motor magnetizing curve. The traditional solution of the no-load rotational test is not applicable 

in some cases due to the mechanical restrictions of the driven system. Therefore, self-

commissioning routines of IM drives should include a standstill solution as well. However, the 

previous solutions in the literature are, in general, very sensitive to parameter errors. It is 

experimentally shown that the traditional flux integration is significantly affected from stator 

resistance and dead-time compensation errors. The proposed method can accurately identify 

induction motor magnetizing curve and it does not require stator resistance estimation and dead-

time compensation. Furthermore, it is experimentally shown to be very robust against integration 

duration. Therefore, arbitrarily long integration times can safely be used. A guideline for 

selection of integration duration is also provided to finish the test in a reasonable time. In 

addition, this dissertation proposes a mitigation method for current measurement offset which is 
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especially useful for improving the accuracy of the magnetizing curve at lower current levels. 

Overall, the proposed method is an end-to-end, robust solution which is simple to implement 

without creating extra burden on hardware and software requirements. 

Finally, the two approaches for rotor resistance estimation are introduced. They are also 

classified as steady-state sinusoidal injection and transient test with dc magnetization. Practical 

implementation points and choices for high performances are disclosed. 

Magnetizing curve part of this chapter (Section 4.1 to 4.5) was previously published as [27]. 
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CHAPTER 5 
5. INERTIA IDENTIFICATION FOR SPEED-LOOP AUTO-TUNING AND PERMANENT-MAGNET FLUX LINKAGE IDENTIFICATION 

INERTIA IDENTIFICATION FOR SPEED-LOOP AUTO-TUNING AND  

 

PERMANENT-MAGNET FLUX LINKAGE IDENTIFICATION 

 
 

5.1. Abstract 

This chapter of the dissertation presents a practical procedure regarding inertia estimation and 

speed loop auto-tuning for sensorless interior permanent-magnet synchronous motor (IPMSM) 

drives. In many applications, well-tuned speed controller is essential to enable dynamic and 

stable drive operations. However, high-performance speed controller design requires system 

parameters such as inertia which are unknown at the beginning of drive commissioning. Manual 

trial-and-error tuning is unattractive due to its blind, lengthy, non-optimal, and potentially unsafe 

nature. On the other hand, model-based tuning through inertia estimation has unique challenges 

at this step of self-commissioning. Determining the test torque for a safe and reasonably short 

test in inertia estimation is a real practical problem because the total inertia can be in wide range 

in different mechanical systems. Furthermore, feedback controllers are not usable to 

automatically determine the test torque due to unknown motor parameters. As a solution, this 

dissertation proposes an automated test torque selection procedure. Then it identifies the inertia 

and lastly tunes the speed controller using the identified parameter. Overall, a fully automated 

speed-loop auto-tuning method is proposed which aims minimal operator involvement. The 

findings are experimentally verified on an IPMSM drive. In addition, the proposed method can 

easily be extended to different motor types and sensored or sensorless vector control strategies.  

After speed loop is ready, a practical estimation method is described for permanent-magnet flux 

linkage. 
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5.2. Introduction 

Interior permanent magnet synchronous motors (IPMSM) offer various advantages such as 

higher efficiency and power density compared to counterparts. In order to obtain full-

performance from IPMSMs requires complicated control algorithms which deploys highly 

accurate motor parameter information. For instance, inductance values are essential to design the 

current controllers, high-frequency signal injection based sensorless control, observer-based 

sensorless control, and maximum torque per ampere (MTPA) control. In particular, system 

inertia can be used to enhance the speed control performance such as observer-based speed 

estimation [1], torque feed-forward and disturbance observers [2], speed controller auto-tuning. 

Nonetheless, the motor drive users in the field may not have the required skills or tools to obtain 

accurate motor parameters for optimal control. Therefore, it is necessary for industrial motor 

drives to have highly accurate self-commissioning capability.  

Typical functional flow of a high-performance self-commissioning procedure is given in Figure 

5.1. This chapter of the dissertation focuses on ‘Step–5’ in order to facilitate speed control usage 

in regular operation and the remaining step of the self-commissioning. Steps–1 to –4 are also 

indispensable for self-contained, end-to-end self-commissioning solution. For example, Step–1 is 

current loop auto-tuning which enables the next steps of the self-commissioning as well as 

regular drive operation to use current controller. The motor inductances can also be used in the 

design of high-frequency signal injection (HFI) based sensorless control [3] which is then 

utilized in the initial rotor position detection [6] in Step–2 and rotational part of self-

commissioning in Step–5 and –6. In summary, the drive is step-by-step prepared for speed-loop 

auto-tuning in Step–5 and then for the use in the intended industrial application. 
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Figure 5.1. Self-commissioning test sequence for IPMSM drive. 

Designing speed controller, guaranteeing its stability and adjusting bandwidth require inertia 

knowledge of the machine. However, the drive initially does not have inertia information; thus, it 

should be estimated before the speed loop design. In the literature, several inertia estimation 

methods are proposed. For example, in [7], online inertia estimation methods are proposed which 

updates the speed controller depending on the online-estimated inertia value. In [11], mechanical 

system is identified in a wide bandwidth because servo drives are usually expected to provide 

high-performance motion control with higher speed-loop bandwidths. Therefore, some 

mechanical phenomenon such as elasticity and backlash effects in high-frequency region are 

identified. Accordingly, some precautions such as anti-resonant filter may be applied using the 

identification results [17]. Nevertheless, in both cases, an accurate initial inertia value and 

functioning speed controller are still needed as a prerequisite. For this purpose, [18] identifies the 

inertia by applying sinusoidal position reference to the cascaded position, speed, and torque 

loops. However, in case of no prior inertia knowledge, tuning the position and speed loops are 
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challenging because it is difficult to assure the stability, robustness, and bandwidth so that the 

system would satisfactorily track the reference signal. To address this issue, [19] proposes to 

identify a rough inertia value using pulse torque as a first step. Then it simultaneously tunes the 

speed controller and identifies the fine inertia value in an iterative manner. Here, the amplitude 

of the pulse torque is critical in practice because it may be too small against the static friction to 

start rotation or too high to cause acceleration exceeding the mechanical system limits. Reference 

[20] chooses to estimate the inertia by model-reference adaptive system (MRAS) method whose 

convergence time is hard to predict. In the following study [21] a method without MRAS is 

proposed which applies a sinusoidal torque to the motor and determines the inertia by assuming 

the injected electrical torque equals to the inertia torque (J·dω/dt) at the moment of speed zero-

crossing. However, this assumption may be violated in practice because the nonlinearity in 

friction may prevent the speed response to be pure sinusoidal. In [22], a sinusoidal disturbance 

torque is injected to a speed control loop with only proportional gain in order to identify the 

system. [23] uses a time-domain method which needs numerical derivation of speed and torque 

to separate the inertia torque (J·dω/dt) and friction torque (B·ω). 

Overall, it can be summarized that a practical solution regarding inertia estimation for speed loop 

auto-tuning should address the following issues. First, the test torque amplitude used in the 

inertia estimation should be universally applicable or automatically adaptable to various systems 

of electrical motor and driven machine pairs. This has practical importance for field applications 

where there are various motors and driven mechanical systems at with different power, inertia 

and friction levels. Using a common torque amplitude as a default parameter may easily fail in 

the field. A generic test torque can be too small for a loaded and high-inertia system to move it. 

On the other hand, it can also be too high for low-inertia and unloaded system which may cause 

mechanical hazards. Most of the studies in the literature do not discuss this practical point. 

Therefore, this dissertation proposes an automatic test torque selection algorithm which 

adaptively and automatically finds an appropriate test torque level specific to the tested system. 

In this way, auto-tuning test can easily be repeated in many different motor and driven systems 

with mechanical parameters in wide range. 
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Secondly, some of the previously proposed methods utilize traditional linear speed and/or 

position controllers to estimate inertia. However, tuning these controllers require mechanical 

parameters, e.g. inertia. At this stage, guaranteeing the stability, robustness, and bandwidth of the 

speed or position loop without inertia knowledge is difficult. Therefore, a practical solution 

should avoid linear speed or position controller that needs to be tuned using mechanical 

parameters. Furthermore, manual try-and-error based tuning is not a viable solution. The electric 

drive should achieve the tuning automatically. As a solution to this concern, the proposed 

method uses simple hysteresis speed control to excite the mechanical system between a 

preselected minimum (ωmin) and maximum (ωmax) speeds. This is also useful for unidirectional 

systems because ωmin and ωmax limits can be selected accordingly.  

Thirdly, the inertia torque identification should be done accurately while separating it from 

friction torque and load torque. This is important because the identification algorithms have 

access to only the total electrical torque which is composed of these three components but only 

the inertia torque is need for the identification process. Therefore, the inertia torque should be 

detected with high selectivity and accuracy. Some studies rely on the multiplication of electrical 

torque and angle [18] or acceleration [23] and then averaging the multiplication result. Also, 

some assume it as the torque level at speed zero-crossing [21]. This dissertation proposes to use 

frequency domain analysis of torque and speed using Discrete Fourier Transform (DFT). By 

DFT, the inertia torque can easily be detected because it is the torque component that leads the 

speed waveform by 90
o
. The phase information of sinusoidal torque and speed is used to filter 

out the friction and load torque and detect the inertia torque. Furthermore, DFT behaves as band-

pass when detecting the signals at the related frequency. Therefore, the inertia estimation 

becomes highly robust against harmonics caused by nonlinear effect such as friction, elasticity, 

and load. 

In the following section, the proposed inertia identification method for speed loop auto-tuning is 

described in detail and then experimental verifications are provided. At the end, a practical 

estimation method is discussed for permanent-magnet flux linkage. 
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5.3. Auto-Tuning of Speed Controller 

Generally, the inertia estimation algorithms inject test torque to motor and observe the speed 

response. The main reason behind this is that the inertia information is buried in acceleration and 

deceleration of the motor as seen in the generalized mechanical system model of (5.1), where ω 

is speed, J inertia, B viscous friction coefficient, C coulomb friction torque, Tload load torque, and 

Te electrical torque. Thus, speed variation is the key in the inertia estimation. 

 
  

  
                      (5.1) 

Although some of the studies prefer sinusoidal torque injection, this study does not use such a 

torque waveform because some applications may require unidirectional rotation due to 

mechanical restrictions, and sinusoidal torque may not be suitable for those applications.  

As a solution, the proposed auto-tuning method uses hysteresis controller to change the speed 

between ωmax and ωmin as shown in Figure 5.2. A controlled speed oscillation is created through 

the inertia torque term (J·dω/dt) in (5.1). Hysteresis controller switches from +Iq to –Iq when the 

speed exceeds ωmax and from –Iq to +Iq when the speed becomes lower than ωmin as shown in 

Figure 5.3. Although hysteresis controller forces the speed oscillate between ωmax and ωmin, it 

does not automatically determine torque level unlike linear controllers (e.g. proportional-integral 

– PI). Therefore, Iq current, which is used as the hysteresis controller output value, should be 

provided in open-loop way. Here, this dissertation proposes a method to automatically determine 

the test torque. This algorithm is summarized in Figure 5.4 and detailed in the next part. 
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Figure 5.2. Speed loop auto-tuning test profile. 
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Figure 5.3. Hysteresis control of speed. 

5.3.1. Automated Procedure for Test Torque Selection 

In regular operations, linear speed controllers (e.g. PI) automatically determine the torque level 

that the motor should produce. However, at this stage of self-commissioning, there is no speed 
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controller to automatically determine torque amount, yet it is under tuning process at this step. 

As a basic solution, open-loop torque injection might be applied. Then, a fundamental practical 

question arises on how much torque should be applied in the auto-tuning test. In practice, the 

amplitude of the test torque is critical due to the lack of initial knowledge on the motor and 

driven mechanical system inertia, friction, and loading. Depending on the mechanical system, the 

torque may be too low compared to the friction and load; hence, fail to rotate the motor. It may 

also be too high for the motor drive and result in excessive acceleration rate which puts higher 

stress on the mechanical system with potential safety risks. As a solution, this dissertation 

proposes the algorithm in Figure 5.4. Basically, this algorithm searches the suitable torque for 

the auto-tuning test. Consequently, a safe test torque can successfully be selected even under no 

previous mechanical parameter knowledge. Thanks to this feature, the proposed method can 

easily be deployed for the inertia estimation and speed-loop auto-tuning for various mechanical 

systems with minimal human interference. 

The proposed method defines a range with minimum (trise,min) and maximum rise time (trise,max). A 

suitable test torque should accelerate the motor from ωmin to ωmax in a time between trise,min and 

trise,max limits.  The algorithm in Figure 5.4 iteratively brings the resulting rise time (trise) inside 

these limits by automatically adjusting the torque. A torque level satisfying the rise time 

condition between trise,min and trise,max limits is then used to identify the inertia.  

Purpose of using trise,min and trise,max is to provide a range for acceleration rate for the tested 

system. The range of test acceleration rate should be consistent with the targeted speed-loop 

bandwidth and mechanical system limitations. The algorithm is initialized with a small amount 

of torque which probably cannot rotate the motor. However, thanks to the proposed algorithm, 

the torque level quickly converges to a suitable tests torque. The convergence is fast because the 

algorithm increases the torque mainly by doubling or by halving depending on the need. At the 

same time, acceleration rate and safety are kept under control because it starts with very low and 

hence safe torque and checks trise at each torque level for decision making in torque selection. 
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Figure 5.4. Torque selection algorithm for speed loop auto-tuning. 

it is summarized how the test torque search algorithm in Figure 5.4 works. If trise is outside the 

range between trise,min and trise,max, a correction action in the test torque is applied at the nodes 1 

and 2 in Figure 5.4. First case, trise might be higher than trise,max. It means the motor acceleration 



119 

 

is too low; hence, the torque is increased. If the trise has never been less than trise,min during the 

test, then the torque is simply doubled. But if the trise has previously gone below trise,min 

(Iq,smaxFlag=T), the test torque is selected as the average of the present value and Iq,smax. To 

narrow the search area from the upper side, Iq,smax stores the torque value which causes trise be 

less than trise,min. 

In the second case, trise might be less than trise,min. It means, motor acceleration is too high; hence, 

the torque is reduced. If the trise has never been higher than trise,max during the test, then the torque 

is simply halved. But if the trise has previously gone above trise,max (Iq,sminFlag =T), the injection 

voltage is selected as the average of the present voltage and Iq,smin. To narrow the search area 

from the lower side, Iq,smin stores the torque value which causes trise be higher than trise,max. 

5.3.2. Inertia Calculation 

When the suitable test torque is found, hysteresis control continues to operate with the found 

torque. But, now the speed oscillation due to the hysteresis control can be used to identify the 

mechanical parameter. Notice that the speed oscillation is a triangle wave and torque reference is 

a pulse wave as seen in Figure 5.2. Hence, both are periodic in steady-state and can be 

represented using Fourier series as given in (5.2) and (5.3). 

                                           

 

   

     (5.2) 

                                        

 

   

    (5.3) 

In case PM flux linkage value is not available at this stage, the proposed method can still work 

by simply substitute Iq current in place of the torque and making Id zero. This is possible because 

in this condition, PM flux linkage simply behaves as a gain from Iq to torque as shown in the 
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system model in Figure 5.5. Then, the identification result will become a ratio between inertia 

and λpm rather than pure inertia. Nevertheless, this is perfectly acceptable from loop tuning 

perspective because using the proposed method, the same controller gains are obtained in both 

known and unknown λpm cases. When λpm is known or obtained at Step–6, the inertia value can 

be calculated directly.  
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Figure 5.5. Identified system model. 

Fourier series of both speed and torque include many harmonics components as shown in (5.2) 

and (5.3). However, this study uses only fundamental-frequency component to improve the 

identification robustness because these components have the highest amplitude among other 

harmonics. Thanks to the periodic nature of the signals, inertia can be deduced from the 

amplitudes and phases of Iq and speed fundamental-frequency components. The fundamental-

frequency inertia torque may be represented in (5.4) by simply taking derivative of ω1(t). The 

inertia torque is leading the speed waveform by 90
o
 due to the derivative operation of speed. To 

obtain the inertia torque part, whole torque is decomposed into two parts as given in (5.5). This 

decomposition is also visualized using vectors in Figure 5.6.  

The first term in the right side of (5.5) and the horizontal torque vector in Figure 5.6 is in phase 

with the speed; therefore, it is friction torque. The second term in the right side of (5.5) and the 

vertical torque vector in Figure 5.6 is in 90
o
 leading phase with respect to the speed; therefore, it 

is inertia torque. 
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Figure 5.6. Vector representation of speed and torque components 

By equating the (5.4) and the second term in (5.5), overall identification result is obtained in 

(5.6) which will be used in speed loop tuning. Notice that pure inertia is not found solely, but the 

ratio of inertia and 1.5pλpm because λpm is assumed to be unknown yet. 

 

       
 

   

        
             (5.6) 
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5.3.3. Phase and Amplitude Detection of Torque and Speed 

The parameter identification in (5.6) uses the amplitude and phase of the injected torque current 

(Iq) and the resultant speed. These four values can be detected by using single-frequency Discrete 

Fourier Transform (DFT) [24]. The rise time (trise) and fall time (tfall) under the selected torque 

level are used to determine the sample size of DFT (N) as in (5.7) and the fundamental frequency 

(f1) as in (5.8) where Ts is the discrete sampling time. 

  
           

  
 (5.7) 

   
 

           
 (5.8) 

DFT calculation for Iq and speed is shown as in (5.9)–(5.12). 
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The complex multiplication and summation in DFT can be implemented as separate real and 

imaginary parts and then the signal amplitude and phase in the polar form can be calculated as in 

(5.13)–(5.17). 

    
                  (5.13) 

      
 

 
            

 

 
 

   

   

 (5.14) 

       
 

 
            

 

 
 

   

   

 (5.15) 

                       (5.16) 

          
     

     
  (5.17) 

Single-frequency DFT can easily be implemented recursively as shown in Figure 5.7. 

Consequently, DFT is calculated simultaneously with the test and there is no need to store all the 

samples. As a result, efficiency in processing power and memory as well as test time is achieved 

while the band-pass nature of DFT attains a high degree of accuracy and suppression of the 

uncorrelated noise. 
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Figure 5.7. Signal amplitude and phase detection with single-bin DFT algorithm. 

5.3.4. Controller Tuning 

When the inertia value is in hand, speed loop can be tuned. This dissertation uses model-based 

controller design. The speed loop model is shown in Figure 5.8. 
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Figure 5.8. Speed loop model. 

In the literature, there are various approaches to tune speed controller. One of them is to design a 

controller in continuous domain using well-known methods such as symmetrical optimum and 

then discretize it [26]. Or IP controller instead of commonly used PI can also be used [27] for 

reduced torque transients. Once the mechanical system is identified, a suitable tuning may 
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simply be customized to satisfy the requirements of the specific application. This dissertation 

uses a relatively simple method to merely demonstrate the effectiveness of the proposed inertia 

estimation and the auto-tuner. Using the identification result, the self-commissioning algorithm 

automatically tunes the speed controller, given the targeted phase margin of θph and loop cross-

over frequency of ωc. Ignoring friction, the open-loop transfer function (OLTF) is given in 

(5.18). Here, the inner current loop  is taken as unity for simplicity because of its relatively 

higher bandwidth compared to speed loop. Accordingly, PI controller gains of Kp (proportional 

gain) and Ti (integration time constant) are calculated as (5.19) and (5.20). 

              
       

 
 
       

 

    
                 (5.18) 

   
      

  
 (5.19) 

      
 

       
        (5.20) 

5.4. Experimental Results 

To verify the proposed method, several experiments are carried out using the system in Table 

5.1. Control structure is summarized in Figure 5.9 and physical test setup is shown in Figure 

5.11. In the experiments, HFI-based sensorless control [3] is utilized as the rotor speed and 

position information source. However, any method which provides accurate speed feedback and 

true field-oriented control in all speed regions is applicable. 
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Figure 5.9. Block diagram of experiment system. 

 

Figure 5.10. Experimental setup. 
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Table 5.1. System Parameters  

Motor power 1.5 hp 

Dc-link voltage 300 V 

Base frequency 100 Hz 

Base current 10 A 

Switching frequency 10 kHz 

Dead-time 2 µs 

trise,min 0.2 s 

trise,max 0.5 s 

Iq(t=t0) 0.1 A 

ωmin 200 rpm 

ωmax 1000 rpm 

Rs 0.65 Ω 

Ld 6 mH 

Lq 12.5 mH 

λpm 0.2 V·s 

Pole number 6 

5.4.1. Auto-Tuning Test with Unidirectional Test 

The Iq and speed waveforms under the proposed speed-loop auto-tuning method are given in 

Figure 5.12. Iq is initialized to 0.1 A at t0. Then, at t1, t2, t3, and t4, Iq is doubled according to the 

test torque search algorithm of Figure 5.4 because speed could not reach at ωmax in trise,max time. 

At t6, the algorithm decides that Iq level is sufficient to accelerate the motor from ωmin to ωmax in 

a time between trise,min and trise,max. Therefore, in the next speed rise and fall, DFT is applied to Iq 

and speed by using (5.13)–(5.17) to find inertia as in (5.6). The identification result is 1.833x10
-3

 

kg·m
2
/(V·s) and considering the PM flux linkage is 0.2 V·s and pole number is 6; the estimated 

inertia becomes 3.3x10
-3

 kg·m
2
. The motor is connected to a brake and total system inertia is 

3.4x10
-3

 kg·m
2
 according to their datasheets. That means the identification result is highly 

consistent with the datasheet values. 

Please note that the motor does not move until Iq reaches to 0.8 A due to the static friction. This 

shows the strength of the proposed torque search algorithm. If it was to blindly inject a less than 

0.8–A Iq, instead of searching a suitable torque, the motor would not rotate and the auto-tuning 
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would fail. In this sense, the proposed method is robust to unknown nature of various mechanical 

systems in the field and it can automatically adapt the test torque. 
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Figure 5.11. Speed-loop auto-tuning test with unidirectional speed. 

5.4.2. Auto-Tuning Test with Bidirectional Test 

The proposed method provides flexibility in the speed-loop auto-tuning of both bidirectional and 

unidirectional mechanical systems. In Figure 5.13, a bidirectional test is provided. In this test, the 

test torque search algorithm in Figure 5.4 can be seen in detail because of several iterations until 

it settles. At t6 with 1.6-A Iq, trise is found to be higher than trise,max. Therefore, Iq is increased to 

3.2 A by doubling, but 3.2–A then happens to cause an acceleration more than the predetermined 

limit. Hence, Iq is reduced to 2.4 A at t7, then to 2 A at t8, according to the algorithm in Figure 

5.4. At t9, 2–A Iq is found to be suitable and the inertia estimation is done in the next speed rise 

and fall period using DFT as in (5.6). The result is within 0.5% of the test in Section 5.4.1. As a 

result, this part thoroughly shows the behavior of the torque search algorithm in Figure 5.4 and 
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also it proves the flexibility in choosing the rotation direction according to the application while 

high degree of accuracy is being kept. 

0 1 2 3 4 5 6 7
-2000

-1000

0

1000

2000

Time [s]

S
p

ee
d

 [
R

P
M

]

4

2

0

-2

-4

Iq
 [

A
]t0 t1

t2

t3

t4

t5
t6

t7

t8

t9

Torque Search DFT

Iq

Speed

 

Figure 5.12. Speed-loop auto-tuning test with bidirectional speed. 

5.4.3. Auto-Tuning Test with Load Torque 

In practice, mechanical systems may be connected to the motor during the self-commissioning. 

In fact, this is a proper practice because the inertia of driven mechanical system is also 

considered in the inertia estimation. However, any load torque coming from the mechanical 

system should not affect the inertia estimation and speed-loop auto-tuning. Therefore, another 

test is executed by applying a load torque to the motor by means of brake. Because of brake 

torque, motor can barely start accelerating when Iq reaches 3.2 A as shown in Figure 5.14. After 

several torque adjustments, 4.8–A Iq is automatically found to provide suitable torque amplitude. 

The result is within 1% of the test in Section 5.4.1. This shows the proposed method can be used 

under load. In fact, this is not surprising thanks to the following two reasons. First, the torque 

search algorithm adapts the test torque according to the conditions automatically. Second, the 
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inertia estimation in (5.6) only selects the inertia torque from whole electrical torque which 

includes the inertia torque, friction torque, and load torque as a whole. So, load torque is 

naturally filtered out by DFT. 
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Figure 5.13. Speed-loop auto-tuning test with load torque. 

5.4.4. Dynamic Performance of the Auto-Tuned Speed Loop 

Performance of the auto-tuned speed loop is tested by sinusoidal reference tracking and step 

response which are provided in Figure 5.15. Just after the inertia estimation, the control firmware 

automatically tunes the PI controller using (5.19) and (5.20). The cross-over frequency (ωc) and 

phase margin (θph) are selected as 5 Hz and 70
o
. In the sinusoidal steady-state test, the feedback 

follows the 600–rpm 5–Hz reference speed with approximately 50
o
 delay as shown in Figure 

5.15–a. As the feedback speed can reach around 500–rpm peak, the gain of the overall closed-

form speed loop at 5 Hz is 0.83. These show that the targeted performance is nearly achieved. 

The auto-tuned speed loop can achieve 50–ms rise time and 0.3–s settling time after 800–rpm 

speed reference change as shown in Figure 5.15–b. Notice that speed-loop dynamic performance 
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depends also on the current rating of inverter and motor, in addition to the controller tunings. 

Inherently, high current capability implies that the dynamic torque requests from the speed 

controller can be realized by the current loop. 
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Figure 5.14. Performance of auto-tuned speed-loop. Sinusoidal steady-state (upper) and step 

response (below). 
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5.4.5. Application to Other Motors and Vector Control Methods 

The proposed method can easily be extended to different motors and sensored or sensorless 

vector control methods as long as the true field orientation is achieved in all speed regions. As an 

example, the proposed method is applied on a surface-mounted permanent-magnet synchronous 

motor (SPMSM) with encoder. In this test, 25–ms trise,min and 50–ms trise,max are used because the 

motor can achieve higher bandwidth thanks to the encoder.  
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Figure 5.15. Speed-loop auto-tuning test with SPMSM. 

The test result is shown in Figure 5.16. It first successfully selects the test torque in three 

iterations and then executes the test and calculates the inertia. The SPMSM is connected to a 

brake and total system inertia is 1.34x10
-4

 kg·m
2
 according to their datasheets. The identification 

result from (5.6) is 1.83x10
-4

 kg·m
2
/(V·s) and considering the PM flux linkage is 0.062 V·s and 

pole number is 8; the estimated inertia becomes 1.36x10
-4

 kg·m
2
 which is highly consistent with 

the datasheet values. 
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Figure 5.16. Performance of auto-tuned speed-loop of the SPMSM. Sinusoidal steady-state 

(upper) and step response (below). 

Then, the proposed method automatically tunes the speed controller for 50–Hz cross-over 

frequency and 70
o
 phase margin using the estimated inertia value and PI gains in (5.19) and 
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(5.20). Verification of auto-tuned speed controller is provided in Figure 5.16. A 900–rpm 50–Hz 

sinusoidal reference is tracked with a 60
o
 delay with 700–rpm peak, implying the overall speed-

loop gain is 0.78 at 50 Hz. After 1500–rpm step reference change, rise time become 10 ms where 

as settling time is about 30 ms. Overall, this sensored SPMSM case here shows that the proposed 

method can be successfully identify the inertia and tune the speed controller of other motor 

types. 

5.5. Permanent-Magnet Flux Linkage Estimation 

Last item of the IPMSM self-commissioning in a general-purpose drive is permanent-magnet 

(PM) flux linkage. Once the speed loop is tuned in Step–5, rotational tests in the self-

commissioning can be finished with permanent-magnet flux linkage estimation in Step–6 as 

shown in Figure 5.17. The PM flux linkage is needed in MTPA, flux observers in sensorless 

control, open-loop torque estimation etc. Therefore, it is an essential part of self-commissioning 

procedure.  

The simplest test is probably steady-state rotational test because the PM flux linkage can only be 

visible in rotational case. The basic motor model in q–axis and d–axis are given in (5.21) and 

(5.22), respectively. The PM flux linkage information is in q–axis. Hence, q–axis motor model 

can used for the estimation.  

          

   

  
              (5.21) 

          

   
  

          (5.22) 
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Figure 5.17. Self-commissioning test sequence for IPMSM drive. 

To simplify the estimation procedure, and reduce the effect of the other parameters, we can pay 

attention to the following points.  

 Steady-state condition is ensured by regulating the speed to a constant test speed as 

shown in Figure 5.18. Consequently,   
   

  
 term becomes negligible. 

 Id is controlled to zero. Consequently, any inaccuracy in Ld does not influence the PM 

flux linkage estimation. 

 As the motor voltage is not measured, the compensation of inverter distortion voltage is 

important. This is especially important at lower test speeds where the inverter distortion 

voltage can be significant portion of back-EMF. 
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Figure 5.18. Speed profile during the test. 

As a result, the PM flux linkage can estimated using (5.20)(5.23). 

    
       

  
 (5.23) 

However, as usual, we do not directly calculate it using (5.23) using only one sample. Instead, 

we use robust signal detection approaches. Here, as the signals are constant, averaging can be 

used. This is equivalent to dc component of DFT or moving-average type FIR low-pass filter. 

Mathematically, the averaging is described in (5.25) for back-EMF voltage and in (5.26) for the 

electrical speed. Here, N is the samples size which is calculated using test duration (ttest) and 

sampling time (Ts) as shown in (5.24). 

           (5.24) 

        
 

 
                

 

   

 (5.25) 
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 (5.26) 

The overall control structure is given in Figure 5.19. The speed profile used in the test is already 

provided in Figure 5.18. Speed is regulated by PI controller to a constant value. When speed 

stabilizes, the estimation starts averaging the back-EMF and speed values for ttest duration or 

equivalently N samples. IPMSM can be controlled using saliency-based sensorless control 

without needing PM flux linkage value. Negative side of HFI-based sensorless control usage can 

be the limited test speed due to the finite dc-link voltage. Then, distortion voltage compensation 

can improve the accuracy of the estimation to decrease the effect of the lower back-EMF at 

lower speed. 

The q–axis voltage and current as well as the electrical speed are supplied to the PM flux linkage 

estimation block. This is also detailed in Figure 5.20 which is nothing but the implementation of 

(5.25), (5.26), and (5.23). 
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Figure 5.19. Control structure during the test. 
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Figure 5.20. Permanent-magnet flux linkage estimation block. 

The system in Table 5.1 is used to verify the PM flux linkage estimation method. As speed loop 

is used in this test, it is preferred to be executed after sped loop is tuned during the self-

commissioning. Motor is accelerated to 25 Hz electrical with a ramp. Back-emf and electrical 

frequency signals during the test are shown in Figure 5.21. From (5.23), using the filtered signals 

of (5.25) and (5.26), PM flux linkage is calculated to be 0.2 V·s for this motor. 
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Figure 5.21. Back-emf and electrical speed signals duringt the test. 

5.6. Summary 

This chapter of the dissertation presents a complete solution for inertia estimation and speed loop 

auto-tuning which is essential for sensorless IPMSM drives. The proposed method accurately 

measures the combined motor and mechanical system inertia which is then used to obtain desired 

dynamic response of the speed controllers through a simple tuning approach. There are a number 

of superiorities of the proposed method. First, it utilizes an open-loop torque injection method 

through hysteresis control to create speed oscillation and hence eliminates the dilemma of using 

linear controller (which normally needs to be designed using inertia) during inertia estimation.  

Second, the test torque is selected automatically without causing any disruption in the system. 

This feature helps the motor drive to adaptively select the test torque for various mechanical 

systems with various friction, inertia, and loading. Basically, this eliminates the ambiguity on the 

selection of suitable test torque amplitude for different systems.  
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Third, the parameter estimation uses frequency-domain analysis with DFT because the periodic 

nature of the torque and speed during the test enables Fourier transform based approaches. DFT 

can successfully detects the torque and speed signals' amplitude and phases and aids in the inertia 

identification by robustly separating the inertia toque from whole electrical torque.  

Also, the proposed method can easily be extended to other motor type and sensored/sensorless 

control methods as long as true field-orientation is achieved and accurate speed feedback is 

provided.  

Finally, the PM flux linkage estimation is discussed in detail by providing practical 

implementation aspects. 

Inertia estimation part of this chapter (Section 5.1to 5.4) was previously published as [28]. 
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CHAPTER 6 
6. CONCLUSION 

CONCLUSION 

 

 

It is expected from commercial motor drives to have highly accurate self-commissioning 

capability because this topic requires deep expertise which should not be left to the user. 

Furthermore, it is an distinguishing feature of the motor drive in the market. Especially, 

emerging motor types such as synchronous motors (IPMSM and SynRM) with higher energy 

efficiency introduces unique challenges for self-commissioning. The traditional self-

commissioning methods (especially traditional IM methods) are not mature enough to provide 

self-sufficient, robust, and complete solution. Therefore, the dissertation focuses on a 

comprehensive study on the end-to-end self-commissioning of general-purpose industrial 

sensorless ac motor drives. The dissertation targets full coverage of all motor drive parameters in 

a self-sufficient way through step-by-step estimation of the relevant parameters. The proposed 

parameter estimation methods are applicable to all AC motor types whenever the motor nature 

allows so. 

Chapter 2 proposes a novel method for spatial inductance map identification to estimate relevant 

inductance values which is used to tune the current controller. This method uses open loop 

voltage injection with automatic selection of injection amplitude and frequency and does not 

need rotor position information. All motor types are applicable. There are a number of 

superiorities of the proposed method. First, it utilizes an open-loop voltage injection method and 

hence eliminates the need for feedback controller during inductance estimation. The injection 

amplitude and frequency are selected automatically less than 100 milliseconds without causing 

any disruption in the system. Second, it does not need the initial rotor position detection or 

physical alignment of the rotor to a known angle, and hence agnostic to initial position. Third, 

the parameter estimation in the suggested approach is not affected by the inverter voltage 

distortion. Also, its successful application to different machine types shows that the proposed 

method is a strong candidate to be universal current loop auto-tuner for commercial motor drive 

self-commissioning. 
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Chapter 4 proposes a novel method for standstill identification method for IM magnetizing 

curve.  The nature of induction motor introduces unique difficulties in the standstill estimation of 

magnetizing inductance and rotor resistance. A simple novel method is presented to solve to 

these difficulties. The same method can have a simple plug-in for rotor resistance estimation. 

There are a number of superiorities of the proposed method while the previous solutions in the 

literature are, in general, very sensitive to parameter errors. It is experimentally shown that the 

traditional flux integration is significantly affected from stator resistance and dead-time 

compensation errors. The proposed method can accurately identify induction motor magnetizing 

curve and it does not require stator resistance estimation and dead-time compensation. 

Furthermore, it is experimentally shown to be very robust against integration duration. 

Therefore, arbitrarily long integration times can safely be used. A guideline for selection of 

integration duration is also provided to finish the test in a reasonable time. In addition, this 

dissertation proposes a mitigation method for current measurement offset which is especially 

useful for improving the accuracy of the magnetizing curve at lower current levels. Overall, the 

proposed method is an end-to-end, robust solution which is simple to implement without creating 

extra burden on hardware and software requirements. 

Chapter 5 proposes a novel inertia estimation for speed-loop auto-tuning. Normally, this 

procedure has some challenges such as automatic test torque selection satisfying all mechanical 

loads, creating controlled speed oscillations, and robust signal detection during the test. This 

dissertation proposes novel solutions to these. There are a number of superiorities of the 

proposed method. First, it utilizes an open-loop torque injection method through hysteresis 

control to create speed oscillation and hence eliminates the dilemma of using linear controller 

(which normally needs to be designed using inertia) during inertia estimation. Second, the test 

torque is selected automatically without causing any disruption in the system. This feature helps 

the motor drive to adaptively select the test torque for various mechanical systems with various 

friction, inertia, and loading. Basically, this eliminates the ambiguity on the selection of suitable 

test torque amplitude for different systems. Third, the parameter estimation uses frequency-

domain analysis with DFT because the periodic nature of the torque and speed during the test 

enables Fourier transform based approaches. DFT can successfully detects the torque and speed 
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signals' amplitude and phases and aids in the inertia identification by robustly separating the 

inertia toque from whole electrical torque. Also, the proposed method can easily be extended to 

other motor type and sensored/sensorless control methods as long as true field-orientation is 

achieved and accurate speed feedback is provided.  

Overall, this dissertation proposes an end-to-end, self-sufficient, and robust solution for self-

commissioning of sensorless industrial AC drives. 
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