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Abstract— For maximization of efficiency of interior 
permanent magnet generators (IPMSG) and optimization of 
machine control correct parameters of the machine are needed. 
Parameters used in advanced control of the machine are stator 
resistance, magnetic flux linkage and inductances of d and q axes. 
Alongside them ohmic resistance that represents core losses can be 
employed to further increase efficiency of control. This work will 
focus on implementation of MRAS estimator that has adaptive 
models with and without taking into account core losses. Using 
Matlab Simulink simulations were conducted and comparison of 
estimators was made under change of current in d and q axis and 
different values of resistance that represents core losses. Results 
show that value of resistance that represents core losses influences 
estimated values of parameters and that it is beneficial to take into 
account core losses for efficient control of the machine. 

Index terms— permanent magnet synchronous generator, 
MRAS, core losses, parameter identification 

I. INTRODUCTION 

Production of electric energy from renewable energy sources 
is topic that is becoming increasingly popular in recent times. 
Generation of electric energy from energy of wind is increasing 
at a rate of around 30 percent annually [1]. With greater interest 
in production of electric energy from renewable sources greater 
efficiency of generators and drives is also coming into focus. 
Typically, synchronous generators with wound rotor and 
asynchronous doubly fed generators are being used in electric 
energy production form the energy of wind alongside surface 
permanent magnet synchronous generators. These kind of 
machines utilize slip rings and graphite brushes to transfer 
electrical current to rotor winding. Current flow in rotor 
winding creates losses and in turn decreases overall efficiency 
of the drive. Another drawback is need for periodic replacement 
of brushes which can be done only while generator is at a 
standstill. 

Because of aforementioned reasons and constant fall of 
prices of permanent magnets electric drives with permanent 
magnet synchronous machines (PMSM) are becoming 
increasingly popular. Furthermore, in order to increase 

 
 

reliability mechanical sensors of rotor speed and position are 
being abandoned and advanced sensorless algorithms are being 
developed. Such algorithms are sensitive on machine parameter 
variation and online methods of machine parameter 
identification to continuously track their variation through time 
and various drive conditions are needed [2]. Implementation of 
online parameter identification methods also increase drive 
efficiency. Identification of machine parameters during 
operation of the machine is a difficult task because of nonlinear 
nature of parameter variation [3-4].  

For proper operation of control algorithm correct parameters 
of the machine are required. Parameters needed for 
implementation of advanced control algorithms are parameters 
of classic simplified model of the machine which for interior 
permanent magnet synchronous machine are ohmic resistance 
of stator Rs, inductance of d axis Ld, inductance of q axis Lq and 
magnetic flux linkage Ψ. To further increase performance and 
efficiency of control, model of the machine will be extended to 
account for core losses. This is done by adding ohmic resistance 
that represents core losses Rc. 

One of online parameter identification algorithms is model 
reference adaptive system (MRAS) algorithms [7], [9], [10], 
[16]. Algorithm is based on adaptive and reference model of the 
machine. Reference model of the machine gives reference (real) 
value of output values while adaptive model gives estimated 
values at its output. Adaptation mechanism is then used to drive 
error between outputs to zero. In doing that it estimates correct 
values of given parameters. 

To further increase efficiency of the drive mathematical 
model of the machine that takes into account core loss is 
developed. Such models are used in loss minimization control 
(LMC) algorithms. 

This work compares accuracy and stability of MRAS 
estimator for estimation of stator resistance and magnetic flux 
linkage with different adaptive models. One neglects core 
losses and other takes them into account. Both models are 
verified and comparison was made in simulations using Matlab 

MRAS based estimation of stator resistance and 
rotor flux linkage of permanent magnet 

generator considering core losses 



Simulink. Simulations were conducted for different values of 
resistance Rc, different rotor speeds and stator current change. 
In Section 2 mathematical model of interior permanent magnet 
synchronous machine is given for both model with taking core 
losses into account and the one that doesn’t. Section 3 presents 
adaptive models and adaptation mechanisms, section 4 shows 
how are core losses obtained while section 5 shows simulation 
setup and discusses results. Conclusions are presented in 
section 5. 

II. MATHEMATICAL MODEL OF INTERIOR PERMANENT 

MAGNET SYNCHRONOUS MACHINE 

For control of permanent magnet synchronous machine it is 
necessary to develop mathematical model of the machine that 
is detailed enough for advanced control algorithms but simple 
enough for fast calculation. For this reasons machine model is 
constructed in d and q axis using Clark and Park transformation. 

Voltage equations of d - q system are: 
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Figs. 1 and 2 show equivalent circuit of interior permanent 
magnet synchronous machine in d and q axis neglecting core 
losses. Stator current equations in d and q axis of the machine 
can be written as: 
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Equations (4) and (5) will be used in adaptive model of 

MRAS estimator that neglects core losses. 
Figs. 3 and 4 show equivalent circuits of interior permanent 

magnets synchronous machine in d and q axis that takes into 
account core losses [11-15]. 

Stator current equations in d and q axis of the machine taking 
into account core losses can be written as: 
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Equations (3), (4), (5) and (6) are then used to construct 
adaptive model and to derive adaptation laws for adaptation 
mechanism. 
 

 
Figure 1 Equivalent circuit of interior permanent magnet synchronous 

machine in d axis 

 
Figure 2 Equivalent circuit of interior permanent magnet synchronous 

machine in q axis 

 
Figure 3 Equivalent circuit of interior permanent magnet synchronous 

machine in d axis taking into account core losses 

 
Figure 4 Equivalent circuit of interior permanent magnet synchronous 

machine in q axis taking into account core losses 
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III. MODEL REFERENCE ADAPTIVE SYSTEM (MRAS) METHOD 

FOR ESTIMATION OF STATOR RESISTANCE AND MAGNETIC FLUX 

LINKAGE 

A. MRAS adaptive model and adaptation mechanism with 
neglecting core losses 

MRAS methods for parameter estimation consist of 
reference and adjustable model where reference model provides 
reference (measured) values of d and q axis currents and 
adaptive model provides estimated values. Outputs of both 
models are compared and error between them is used to drive 
adaptation mechanism. Adaptation mechanism is then used to 
drive error between outputs to zero. In doing that it estimates 
correct values of given parameters [5-7]. 

Estimated value of stator resistance is obtained by 
construction of adaptive model and adaptation mechanism. 

From equations (3) and (4) state space d – q axis stator 
currents are: 

CuBxAx +⋅+⋅=
dt

d  (7) 
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State space for d and q axis stator currents for adaptive model 
are: 

CuBxAx +⋅+⋅= ˆˆˆ
dt

d  (8) 

where 
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The operator ^ denotes estimated value.  
After implementation of reference and adaptive model for d 

and q axis stator currents it is necessary to model adaptive 
mechanism that will adjust adaptive model parameters to 
minimize error between d and q axis stator currents by 
estimating stator resistance. 

Errors between d – q axis currents of reference and adaptive 
system are defined as: 

ddd ii ˆ−=ε  (9) 

qqq ii ˆ−=ε  (10) 

Error between real and estimated value of armature 
resistance is defined as: 

sss RRR ˆ−=Δ  (11) 

State space for d and q axis stator current errors can be written 
as: 
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Or: 

11 WεAε +⋅=
dt
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By using Popov criterion of stability [7]: 
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were 00 ≥t  and 00 ≥γ . 

 
and by assuming: 
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It can be shown that observed armature resistance satisfies 
following adaptation laws: 
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By inserting equations (17) and (18) into (16) equation for 
estimating stator resistance is obtained: 
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where )0(ˆ
sR is integration constant. Coefficients K1 and K2 are 

choosen so that they ensure stable system response. 
Estimated value of magnetic flux linkage can be determined 

in the same way.  
 
Error between real and estimated value of magnetic flux 

linkage is defined as: 

fff Ψ−Ψ=ΔΨ ˆ  (20) 

 
State space for d and q axis stator current errors can be 

written as: 
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Final relation for estimation of magnetic flux linkage can be 

written as: 
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Coefficients K3 and K4 are choosen so that they ensure stable 
system response. 

B. MRAS adaptive model and adaptation mechanism with 
taking into account core losses 

Machine model that takes core losses into account is 
constructed by inserting ohmic resistance Rc into transversal 
axis. Power dissipated on it is equal to core losses and its value 
is determined by no load test. Procedure of building adaptive 
model and adaptation mechanism is equal to procedure when 
building adaptive model and adaptation mechanism for 
machine model that neglects core losses but voltage and current 
equations are different. Reference model ohn its output gives 
reference (measured) values of d and q axis currents and 
adaptive model gives estimated values. Outputs of both models 
are compared and error between them is sent to input of 
adaptation mechanism. Adaptation mechanism then drives 
error between outputs to zero and in doing that it estimates 
correct values of given parameters 

From equations (5) and (6) state space d – q axis stator 
currents are: 

CuBxAx +⋅+⋅=
dt

d  (23) 

where 
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State space for d and q axis stator currents for adaptive model 
are: 

CuBxAx ˆˆˆˆ +⋅+⋅=
dt

d  (24) 

where 
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Errors between d – q axis currents of reference and adaptive 
system are given by (9) and (10). Error between real and 
estimated value of stator resistance is given by (11). 

State space for d and q axis stator current errors can be written 
as: 
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or: 

11 WεAε +⋅=
dt

d  (26) 

where 
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Nonlinear feedback loop has to satisfy Popov criterion of 

stability [7]: 
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It can be shown that stator resistance satisfies following laws: 
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By inserting equations (30) and (31) into (29) equation for 

estimating stator resistance is obtained: 
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Coefficients K1 and K2 are choosen so that they ensure stable 
system response. 

Estimated value of magnetic flux linkage can be determined 
in the same way. Error between real and estimated value of 
magnetic flux linkage is given by (20). 

State space for d and q axis stator current errors can be 
written as: 
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Final relation for estimation of magnetic flux linkage can be 
written as: 
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Coefficients K3 and K4 are choosen so that they ensure stable 
system response. 

IV. ASSESMENT OF VALUE OF RC 

Value of resistance Rc was experimentaly determined under 
no load test at different rotor speeds. Measurements of the back 
emf voltage, rotor speed and shaft torque were taken and value 
of resistance Rc was derived. Core losses can be expressed as: 

 
c

c R

E
P

2

=  (35) 

From (35) value of resistance Rc can be exspressed as: 
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where E is phase value of back EMF voltage, T is shaft torque 
measured by torque transducer and ω is electrical angular 
velocity measured by encoder. Value of Rc is an aproximation 
since mechanical losses were neglected. To get more accurate 
value of Rc mechanical losses should be taken into account and 
substracted from mechanical power to obtain electrical power. 

From the Fig. 5. it can be seen that the value of Rc changes 
from 19 Ω to 30 Ω at rotor speed from 500 to 1500 rpm which 
is the speed range that will be mostly used during operation of 
IPMSG in wind applications. 

 
Figure 5 No load test results 

V. SIMULATION RESULTS FOR MRAS STATOR RESISTANCE 

AND MAGNETIC FLUX LINKAGE ESTIMATION 

To verify and compare proposed MRAS estimators for 
identification of stator resistance and magnetic flux linkage 
simulation studies were conducted. IPMSG and MRAS 
estimators were modeled using Matlab Simulink. Parameters of 
the IPMSG are given in Tab. 1. 

TABLE I.  IPMSG PARAMETERS 

Parameter Value 

Rated power Pr = 375 kW 
Rated current Ir = 596 A 
Back EMF EMF=266 V/krpm 
Rated torque Mr = 2389 Nm 
Rated frequency fr = 75 Hz 

Rated speed nr = 1500 rpm 
Stator resistance Rs = 8.05 mΩ 

Inductance of d axis Ld = 0.72 mH 
Inductance of q axis Lq = 1.06 mH 
Permanent magnet flux linkage Ψm = 0.69 Wb 
Weight of the machine m = 930 kg 

 
For simulation purposes thermal model of the machine was 

built. The estimated rate of change of stator resistance was 
defined by: 
 )1(0 TRR Δ⋅+= α  (37) 

where 
0R , α , and TΔ  are the initial stator resistance, 

temperature coefficient of stator resistance and deviation of 
temperature, respectively. If temperature changes for 150 
degrees kelvin and windings are made of copper, the resistance 
will change close to 50 percent. Assuming that the machine 
works at the rated power with efficiency of 92 percent power 
dissipation of the machine is 36 kW it can be shown that it 
would take about 11 seconds for one degree kelvin of 
temperature increase. That means that resistance would change 
by 0.03 percent each second. This is a rough approximation 
because it assumes linear increase of temperature (which is 
almost correct around initial temperature), no ventilation and 
cooling, and homogenous distribution of heat through machine 
was assumed for simulation studies. This assumption is not true 
in case of overload because value of resistance would change 
more steeply. 

Simulation experiments were conducted for step change of 
the d and q current references from 200A to 50A and from 500A 
to 100A respectively, different rotor speeds, stator resistance 
change given by (37) and for different values of resistance Rc. 
Primarily, value magnetic flux linkage depends on temperature 
so for simulation purposes value of magnetic flux linkage is 
assumed to decrease by 0,002 percent each second. 

Fig. 6. shows simulation results for constant change of stator 
resistance, step change of d and q currents from 200A to 50A 
and from 500A to 100A respectively at t = 2s, rotor speed is 
equal to 500 rpm. Fig. 6 shows simulation results for rotor speed 
equal to 1500 rpm and same change of stator resistance and 
currents in d and q axes. Curves denoted with orange, purple, 
green and light blue colour show estimation of MRAS estimator 
that neglects core losses for various values of resistance Rc.  



 
Figure 6 Real and estimated values of stator resistance for rotor speed 

of 500 rpm 

 
Figure 7 Real and estimated values of stator resistance for rotor speed 

of 1500 rpm 

Simulation shows that MRAS estimator that takes into 
account core losses follows real value of stator resistance 
closely and with minimal error. Also, it can be also seen that 
estimator that takes into account core losses has significantly 
smaller estimation error. 

On the other hand, MRAS estimator that neglects core losses 
has larger error and its output is influenced by disturbances and 
real values of resistance Rc. Also, it can be seen that for larger 
values of resistance Rc estimation error for estimator without 
taking into account core losses is smaller. Estimation error 
ranges from 3,3 percent to 0,8 percent for estimator that 
neglects core losses and error for estimator that takes into 
account core losses error is virtually zero. Also, by comparing 
Figs. 6. and 7. it can be seen that rotor speed has no effect on 
estimation of stator resistance. 

 
Figure 8 Real and estimated values of magnetic flux linkage for rotor 

speed of 500 rpm 

 
Figure 9 Real and estimated value s of magnetic flux linkage for rotor 

speed of 1500 rpm 

Figs. 8. and 9. show simulation results for constant change of 
magnetic flux linkage by 0,002 percent each second, step 
change of d and q axis currents from 200A to 50A and from 
500A to 100A respectively in time moment 2s and for rotor 
speeds equal to 500 rpm and 1500 rpm. Curves denoted with 
orange, purple, green and light blue colour show estimation of 
MRAS estimator that neglects core losses for various values of 
resistance Rc. It can be seen that MRAS estimator that takes into 
account core losses follows real value of magnetic flux linkage 
with almost no error under constant change of parameter and 
disturbances. MRAS estimator that neglects core losses has 
larger error and its estimated value of magnetic flux linkage is 
influenced by disturbances and real values of resistance Rc. 
Also, it can be seen that for larger values of resistance Rc 
estimation error for estimator without taking into account core 
losses is smaller while change of rotor speed has no effect on 
estimation. Estimation error for estimator that neglects core 



losses is less than 0,1 percent and error for estimator that takes 
into account core losses error is virtually zero. 

VI. CONCLUSION 

This work presents comparison between two MRAS 
estimators for identification of stator resistance and magnetic 
flux linkage. One of them uses adaptive model and adaptation 
mechanism that neglect core losses and other uses adaptive 
model and adaptation mechanism that takes them into account 
when estimating stator resistance and magnetic flux linkage of 
the machine. In order to compare estimators machine models 
and adaptive mechanisms were constructed for each type of 
MRAS estimator. Responses and estimated values were 
compared for different values of resistance Rc, step change od 
d and q axis currents and different rotor speeds alongside 
continuous change of stator resistance and magnetic flux 
linkage. Core losses were measured experimentally under no 
load test at different rotor speeds and from them value of Rc was 
determined. Simulation results show fast and stable response of 
both MRAS estimators for wide range of operating points and 
disturbances. It is shown that it is beneficial to take into account 
core losses as it gives better results for estimated parameters. 
This is more apparent when machine has larger core losses 
(resistance Rc is lower) as MRAS estimator that doesn’t take 
into account core losses has larger estimation error. 

Future work will focus on modeling and implementation of 
MRAS estimator that will take into account dynamic change of 
resistance Rc depending on operating point, studying influence 
of PWM switching on estimated parameters and testing on large 
power IPMSG. 
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