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Abstract— This paper aims to combine the state-of-the-art 

parameter-adaptation and state-estimation techniques to realize 

an adaptive and sensorless interior permanent magnet 

synchronous machine (IPMSM) drive that offers robust 

performance across the full speed range even in the presence of 

temperature-variations. Recursive prediction error based 

Online Parameter Estimator (OPE) accompanied by a gain-

scheduler adapts temperature-sensitive motor parameters, i.e. 

the stator resistance (Rs) and permanent magnet flux linkage 

(�m) in the lower and higher speed regions respectively. The 

Active Flux Observer (AFO) and the Pulsating sqUare-wave 

Voltage Injection (PUVI) based saliency tracking method are 

adopted to estimate the rotor position in the higher and lower 

speed regions respectively. The OPE augments the performance 

of the AFO across a large part of the speed-range and the use of 

PUVI-based technique eliminates the potential precision-

compromise of the estimated position due to the gain-scheduler 

in the low-speed region. Zynq System on Chip (SoC) based 

Embedded Real-Time Simulator (ERTS) is used to demonstrate 

the concepts, in which the drive control and estimation 

algorithms are programmed in its processor system and the 

drive hardware is modeled in its Field-Programmable Gate 

Array (FPGA). 

Keywords— Adaptive control, high frequency signal 

injection, observer, parameter estimation, sensor-less, system on 

chip, variable speed drive 

I. INTRODUCTION 

Position-sensorless IPMSM drives are becoming the 

state-of-the-art in safety-critical traction and automation 

applications due to their superior efficiency, power density, 

ease of cooling, design capability for fault-tolerance, good 

control dynamics in a wide torque-speed range and enhanced 

reliability [1], [2].  

In the high performance industrial drives, the sensorless 

control is realized by combining a fundamental excitation 

(FE)-based method in the mid and high speeds and a saliency 

tracking method in the very low speeds down to zero, in order 

to extract their optimal performances in different speed 

regions. Extended electromotive force (EEMF), Luenberger 

and sliding-mode observer types, Model Reference Adaptive 

Systems (MRAS) are among the common candidates  for FE-

based position-estimations. However, due to their increasing 

Rs-dependency and gradual disappearance of the FE signal 

when the rotor approaches standstill, alternative methods 

have been developed to estimate the rotor position, 

particularly for the applications that demand persistent low-

speed operation. High frequency signal injection (HFSI) 

based method is among the promising alternatives which, in 

general, aim to track the magnetic saliency of the rotor. 

INFORM method or its improvements [3], [4] or Rotating 

Sinusoidal Voltage Injection  (RSVI) method [5] or Pulsating 

Sinusoidal Voltage Injection (PSVI) [6] have been reported 

over the last decades, yet, they display either or a combination 

of drawbacks as such as discontinuous tracking, restrictions 

in the controller bandwidth, acoustic noise or considerable 

estimation error. PUVI method proposed in [7] and its 

improvements [8], [9] eliminate the requirement of a low-

pass-filter (LPF) in the controllers, thus enhances the 

controller bandwidth and estimation precision significantly. 

Irrespective of the position estimation method, the 

accurate knowledge of IPMSM electric parameters, i.e., the 

�m, Rs , d- and q- axis inductances Ld and Lq are essential to 

ensure precise and adaptive torque/speed control, condition 

monitoring, fault diagnosis and self-commissioning of 

electric drives [10]. A deviation of Ld and Lq from their 

datasheet values can be triggered by the magnetic saturation: 

a phenomenon and its effects which can be fairly identified 

using an offline identification method. Contrastingly, �m, Rs 

-deviations can be caused by the operating temperature which 

can vary due to unforeseen circumstances in certain 

applications, thus a recursive identification scheme for these 

parameters can become essential for precise torque/speed 

control. Online adaptation of temperature-sensitive 

parameters, on the other hand, is proven to enhance the 

torque/speed control at higher speeds and position estimation 

at low speeds [11], [12] when coupled with FE-based 

schemes. Due to the inherent coupling of �m and Rs and the 

rank-deficiency problem [10], gain-scheduling schemes have 

been utilized [11], [13], [14] to adapt only �m beyond very 

low speeds and only  Rs around zero speed. Such scheduling 

however, can unduly adapt Rs in its adaptation-region due to 

potential �m-estimate errors, consequently the position-

estimation precision is hampered [11]. 

Literature on the full speed range sensorless control 

assisted with online parameter estimation for AC machines 

has been scarce particularly, with the state-of-the-art 

methods. Ref [13], [15], and [16] discuss such complete 

control schemes, although, they adopt RSVI which bears 

inherent drawbacks as noted before. In [17] and [18], modern 

sensorless control methods are combined to cover the full-

speed range, however, lacks online parameter adaptation.  

In this letter, the authors aim to combine the Active Flux 

Observer (AFO) [19] and PUVI method [8] to achieve full 

speed range sensorless control including zero speed. The 

AFO is assisted by online adaptation of �m and Rs using 

prediction error gradients and stochastic gradient algorithm 

[14] in order to incorporate adaptive control in the drive. The 

drive concepts are validated using an embedded real-time 

simulator [20] in which the ARM processors contain the drive 

software and its FPGA section contains emulation models of 

IPMSM-drive.  



 

 

II. SENSORLESS AND ADAPTIVE IPMSM DRIVE 

A. IPMSM Dynamic Model 

The mathematical model of the electrical part of the 

machine is in the rotor co-ordinates, when given in the per-

unit (pu) system:  
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Here, ωn is the nominal rotational frequency. ϑ is the 

electrical angle of the mechanical position p*ϑmech , where p 

is the number of pole pairs. Electrical speed in pu is denoted 

by n. The superscript and subscript denote the reference 

frame and the location of the quantity (s-stator, r-rotor, m-

magnet) respectively. 

B. Position Estimation Model at Medium and High Speeds 

The position estimation adopts the AFO presented in [19]. 

Accordingly, a quantity called ‘active flux’ is defined as 

follows. 

,
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Here, ψs
T is the active flux component. In this observer 

structure, the current model and voltage model are employed 

as the reference and adaptive model respectively. Thus, the 

reference model and adaptive model are given in (3) and (4). 
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From which, the error, εs,o is calculated and attempted to 

eliminate with the aid of a proportional-integral (PI) 

compensator.  
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The integrator offset, parametric discrepancies, measurement 

errors, the dead-times in the  Pulse Width Modulator (PWM)-

inverter device switching and other nonlinearities of the 

IPMSM drive generates nonzero εs,o. A proportional-integral 

(PI) controller can be used to drive the εs,o to zero. PI-tuning 

method is discussed in [16]. Therein, the AFO-based speed 

and position can be calculated using the following 

expressions. 
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Fig. 1. Full speed range sensorless control scheme enhanced with online parameter identification of temperature-sensitive parameters 

Fig. 2. Block diagram of Active Flux Observer  
Fig. 3. (1) Double-update PWM signal and interrupt signal (2) injected square-

wave signal on the d-axis 



 

 

C. Position Estimation Model at Very Low Speed and 

Standstill 

Square-wave voltage injection on the d-axis as illustrated 

in the Fig. 1, at the PWM switching frequency [8], is 

employed to estimate the rotor position at very low speeds 

including standstill. Fig. 3 shows the double-update PWM, 

the interrupt signal and the square-wave voltage carrier 

signal. The injected voltage is expressed as follows, where uh 

and k are amplitude and injected voltage in per-unit: 

 

ˆ

ˆ

( 1)

0

k
dh h

qh

u u

u

   −
=   

    
                                                            (7) 

The notations ��, ��  indicate the estimated rotor reference 

frame. Fig. 4 shows the relation between the reference 

frames. In [21], it is discussed how the q-axis high frequency 

current response is modulated with the rotor-position error 

information. Accordingly, the high frequency current 

responses can be expressed as follows. 
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 is the rotor position estimation error as illustrated in the Fig. 

4. In the given HFSI scheme, since the injection frequency is 

relatively much higher than the FE-frequency, the current 

response to the FE can be assumed almost constant in one 

sampling period [21], therefore the sampling current can be 

approximated to that of the high frequency current response: 
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Thus, it can be deduced that the position estimation error is 

as follows, in per-unit: 
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The position estimation error can be extracted either with use 

of (10) or alternative methods as such as orthogonal 

measurement axes [8]. Subsequently, the rotor position can 

be obtained using the estimation error with use of a saliency 

tracking observer in the form of a second-order phase-locked-

loop (PLL) or a more advanced observer known as extended 

state observer [22]. In this paper, the authors use a PLL to 

estimate the rotor position when PUVI-technique is adopted 

in the low speed region. Fig. 5 illustrates the corresponding 

scheme. It is worth noting that the PUVI-based position 

estimation coupled with a PLL does not rely on the electrical 

parameters of the machine, which makes it insensitive to 

parameter variations. 

D. Online Parameter Estimation Model 

The online parameter estimation (OPE) model proposed 

in [14] is adopted in this letter which is placed in context in 

the Fig. 1. The inherent sensitivities of this model to the 

model-parameter discrepancies will be capitalized in the 

proposed parameter adaptation algorithm (PAA). Full-order 

model (ℳuϑ), is used with stator currents chosen as state 

variables. The rotor-oriented model is chosen for current 

prediction in the predictor. 
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Here, from the estimated parameter matrix, �� , �� , ��  are 

omitted to curtail the discussion only to scope of interest. ℳuϑ 
is a second order system and the eigenvalues of this model are 
speed dependent. The system matrix A of the system can be 
expressed as: 
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The eigenvalues become:  
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E. Decoupling Technique 

Despite ψm and rs are identifiable simultaneously under 

certain conditions, these parameters are inherently coupled, 

and their coupling and points of natural decoupling are 

discussed in [10]. The effect of coupling is analyzed in [11] 

where it was found out that due to ψm-estimate errors (δψm), 

rs-estimate gets heavily penalized because rs << ψm in per-

unit. Due to this large asymmetricity in magnitudes, the 

penalty on ψm-estimate due to rs-estimate errors (δrs) is not 

considerable unless n is very small. The proposed gain-

scheduler in [11] circumvents the coupling issue with respect 

to ψm, but not w.r.t rs, thus if ψm is erroneous in the rs-

adaptation zone, rs gets unfairly compensated. 

The effect of such erroneous rs can be evident in the 

torque-speed control of a sensorless IPMSM drive in [11]. 

Such performance degradation is expected to be eliminated 

Fig. 4. Illustration of reference frames in the control scheme and 

their relative positioning Fig. 5. Demodulation and saliency tracking-PLL for PUVI method 



 

 

in this research work with use of a parameter-independent 

sensorless control scheme like the PUVI-based rotor position 

tracking in the rs-adaptation speed zone. 

III. PARAMETER ADAPTATION ALGORITHM 

A. Recursive Prediction Error Method 

A numerical estimation approach known as Recursive 

Prediction Error Method (RPEM) is adopted as the parameter 

adaptation algorithm in this scope to recursively track ψm and 

rs. RPEM in discrete form based on the Forward Euler 

Method, becomes, where DM is the defined parameter space: 
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L[k], the gain-matrix and εr
s in steady state, in component 

form, εd, εq are given in (15) and (16) respectively.  
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B. Stochastic Gradient Algorithm 

To rapidly identify the gain matrix L[k] for accurate 

identification of ��  in DM, a sub-algorithm known as 

stochastic gradient algorithm (SGA) is applied, which is: 
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Here, the sensitivity of the prediction error against the 

estimated parameter, known as prediction-error gradient, 

(denoted by �T) is the heart of the parameter adaptation 

algorithm. It’s influence and behavior in the IPMSM-context 

is analyzed in [10], [14] and [23]. 

IV. REAL-TIME SIMULATION RESULTS & DISCUSSION 

Xilinx Zynq SoC based Embedded Real-Time Simulator 

has been used to validate the proposed control scheme. The 

power hardware components of the IPMSM drive, i.e., 3-

phase IPMSM, 2-level PWM-inverter and the mechanical 

load models are programmed in the FPGA fabric of the SoC 

to achieve real-time emulation. The field-oriented control to 

achieve Maximum Torque Per Ampere (MTPA) strategy, 

field-weakening control, state- and parameter- estimation 

algorithms and likewise processes that do not demand 

extremely high processing speeds are programmed in the on-

chip processor using C++ programming language. The 

routines programmed in the processor are intended to drive 

either the on-chip emulation models or the physical hardware. 

Digital to analog (DAC) feature of the digital control 

platform can be used to capture the high bandwidth data real-

time with the help of an oscilloscope, a feature well utilized 

in the subsequent sections. An overview of the ERTS is in the 

Fig. 6 and its design details are found in [20]. 

In the simulator, asymmetrical modulation with 3rd 

harmonic injection is applied. The switching and the digital 

controller sampling frequencies are 4 kHz and 8 kHz 

respectively. When the gain-scheduler is applied, rs-

estimation occurs in the speed envelop -21 to 21 rpm whereas 

ψm-estimation from |21| to |2100| rpm.  

TABLE I.  SIMULATION DATA 

 Symbol Value Unit 

Nominal voltage UN 220 V 

Nominal current IN 51 A 

Nominal frequency fN 35 Hz 

Pole pairs p 1 - 

Nominal speed Nrated 2100 rpm 

Initial Motor 

parameter vector 
[

m
ψ

d
x

q
x

s
r ]T [0.66 0.4 1 0.009] T pu 

Gain-sequences in 
Hessian & L11 ,L12 

computation 

γ0 6.25e-4 pu 

Gain-sequences in 
L21 ,L22 computation 

γ’0 1.875e-5 pu 

 

A. Perforamce of  the Online Parameter Estimator 

Firstly, the OPE-scheme is attempted to validate using the 

ERTS. To investigate the online adaption of the rs-estimate 

following conditions have been applied: rotor speed = 0 pu; 

constant load torque = 0.5 pu; motor-rs goes through a step 

change from 0.009 to 0.0072 pu. 

Such experimentation resembles an identification run (or 

an ID-run) in an industrial drive to identify the stator 

resistance at the start-up of the machine. Fig. 7 presents the 

tracking performance where the adaptation completed within 

5 seconds. Adaptation speed can be increased by increasing 

the γ’0 at the expense of increased oscillations during the 

adaptation process. Similarly, the ψm-adaptation is tested with 

under the following conditions: rotor speed = 0.5 pu; 

Fig. 6. Overview of the Embedded Real-Time Simulator used for 

IPMSM drive control-scheme validation 



 

 

quadratic load torque; motor-ψm goes through a step change 

from 0.78 to 0.66 pu. The convergence is captured in the Fig. 

8 which takes less than 1 second. Here, relatively faster 

convergence is achieved with a trade-off of relatively high 

oscillations in the tracking trajectory. In general, the adaption 

times with use of RPEM are in the range of a few seconds 

which is reasonable given the large thermal capacity of the 

temperature-sensitive parameters.  The tracking performance 

can be anyway easily finetuned using the gain-sequences. 

B. Experimentation of Sensorless Schemes 

The AFO and the PUVI-based saliency tracking methods 

are investigated in this section while keeping the IPMSM 

parameters unchanged (thus the OPE is made redundant). Fig.  

9 demonstrates the AFO performance when the speed-

reference receives a step-change from 0.4 to -0.4 pu. The 

speed-reference, as seen in the figure, changes smoothly 

owing to a filtering process with a 100 ms time-constant. It is 

evident that the AFO is sufficiently robust to estimate the 

rotor position and speed when crossing the zero-speed. Fig. 

10 shows how the AFO performs during  persistent low speed 

operation (0.1 pu) which is reasonable.  

The PUVI-based saliency-tracking method performance 

is as shown in the Fig. 11 when the speed reference varies 

from -0.01 pu to +0.01 pu. 

C. Experimentation of Active Flux Observer Performance 

when the IPMSM Parameters Vary 

Under this discussion, ψm , and rs are varied in different 

speed regions to evaluate the AFO performance with and 

without the OPE. Firstly, the ψm -influence on the torque 

production (thus on the rotor -speed and -position) is 

investigated in the Fig. 12 and 13, where the first one with 

disabled OPE, the latter with the enabled OPE. In both cases, 

ψm is varied from 0.78 to 0.66 pu. The speed reference is 0.2 

pu. The position error in the first case is 0.8 radians whereas 

when OPE is enabled, the same is reduced to -0.08 radians 

indicating a significant speed/torque control owing to the 

OPE. The same investigation is performed in relation to rs. 

Here the speed reference is kept at 0.05 pu while the rs is 
varied from 0.009 to 0.0108 pu. When OPE is disabled, the 

mean position error is read to be -0.4 rad (Fig. 14) while the 

Fig.7.  Online rs adaptation at standstill. Yellow: motor 
resistance (pu), Blue: model resistance (pu) 

~5 seconds 

Fig. 8. Online ψm  adaptation at 0.5 pu speed. Yellow: motor 
PM flux linkage (pu), Blue: model PM flux linkage (pu) 

~800 milliseconds 

Fig. 9. Active Flux Observer performance when speed 

varies from 0.4 to -0.4 pu. Yellow: Actual rotor position 
(rad), Blue: Estimated rotor position (rad) 

Speed reference 

Fig.10. Active Flux Observer performance when persistent 

operation at 0.1 pu. Yellow: Actual rotor position (rad), Blue: 

Estimated rotor position (rad) 

Speed reference 

Fig. 11 7. Saliency tracking method performance when speed 

changes from -0.01 to +0.01 pu. Actual rotor position (rad), 
Blue: Estimated rotor position (rad) 

Speed reference 

Fig. 12. AFO performance without OPE at 0.2 pu speed when ψm 

varies from 0.78 to 0.66. Yellow: Actual rotor position (rad), Blue 

Estimate rotor position (rad) Purple: Mean estimation error = -0.8 rad 

Fig.13. AFO performance with OPE at 0.2 pu speed when ψm varies 

from 0.78 to 0.66. Yellow: Actual rotor position (rad), Blue 

Estimate rotor position (rad),  Purple: Estimation Error = -0.08 rad 



 

 

OPE is activated, the same reduces to -0.13 rad (Fig. 15) 

signifying a healthy improvement in the estimation accuracy 

thanks to the OPE.  

V. CONCLUSION 

This paper demonstrated the effective combination of a 

rather novel online parameter estimation scheme with high 

performance position-estimation methods to design a full 

speed range adaptive and sensorless IPMSM drive applicable 

for mission-critical applications under varying temperatures. 

The parameter-independence of the Square-wave Signal 

Injection based saliency tracking method is capitalized to 

circumvent the potential drawbacks of using a gain-scheduler 

around zero-speed. In the remaining speed regions, the 

estimation accuracy of the Active Flux Observer is improved 

by adapting the temperature-sensitive parameters online, thus 

the parameter-error effect on the full speed range is either 

minimized or eliminated. The powerful processors in the 

Xilinx System-on-Chip could accommodate the algorithm 

processing within the  interrupt-cycle with ample time 

margins. Improving the Active Flux Observer with use of the 

saliency tracking method in the very low speed with the aim 

of tuning it for operation can be interesting further work. 
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Fig. 14. AFO performance without OPE at 0.2 pu speed when 

ψm varies from 0.78 to 0.66. Yellow: Actual rotor position 
(rad), Blue Estimate rotor position (rad),  Purple: Mean 

estimation error = -0.4 rad 

Fig.15. AFO performance with OPE at 0.2 pu speed when 

ψm varies from 0.78 to 0.66. Yellow: Actual rotor position 

(rad), Blue Estimate rotor position (rad),  Purple: Mean 
estimation error = -0.13 rad 


