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ABSTRACT 
 

This paper presents an adaptive flux observer to estimate stator flux linkage and stator inductances of an interior 
permanent-magnet synchronous machine considering magnetic saturation. The concept of static and dynamic inductances 
due to saturation is introduced in the machine model to describe the relationship between current and flux linkage and the 
relationship between their time derivatives. A flux observer designed in the stationary reference frame with constant 
inductance is analyzed in the rotor reference frame by a frequency-response characteristic. An adaptive algorithm for an 
on-line inductance estimation is proposed and a Lyapunov-based analysis is given to discuss its stability. The dynamic 
inductances are estimated by using Taylor approximation based on the static inductances estimated by the adaptive method. 
The simulation and experimental results show the feasibility and performance of the proposed technique. 
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1. Introduction 
 

Interior permanent-magnet synchronous machines (IPM 
SMs) in automotive applications are typically designed to 
have a high saliency ratio under a wide range of operating 
conditions[1]. The magnetic characteristics of IPMSM are 
such that a lumped parameter model for these machines is 
nonlinear due to the saturated dq-axis inductances[2]. 

Based on the voltage equation of an IPMSM, its 
electrical system can be expressed as a dual-input-dual- 
output (DIDO) system, where the inputs and outputs are 
the stator voltages and the stator currents respectively. As 

parameters in this system, the stator resistance and the 
rotor-magnet flux linkage vary with temperature and the 
inductances vary with currents. The motor speed has been 
typically considered a slowly time-varying parameter 
rather than another state variable assuming that dynamics 
of the mechanical system is much slower than that of the 
electrical system. 

Most research done on an observer in PMSM drive 
contribute to position estimation or load torque estimation 
in a sensorless control[3]-[5]. The stator inductances used in 
the flux observer are typically constants assuming no 
saturation, or are taken from two-dimensional (2D) 
look-up tables from motor characteristics to consider the 
saturation effect[6]. The estimated flux for sensorless 
control is processed to generate the position error in a 
position observer. With a position sensor, the flux 
observer can be used to estimate another machine’s 
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parameters rather than the rotor position. Recently, an 
on-line inductance estimation scheme with a position 
sensor was introduced to improve the decoupling 
characteristics of a current controller designed in the rotor 
reference frame for an IPMSM drive[7]. This estimation 
technique is based on the voltage equation in a steady state 
and utilized the inverse of speed and current, which is not 
desirable when the machine operates at low speed or in 
light load. 

This paper proposes an adaptive flux observer with 
on-line inductance estimation for an IPMSM with a 
position sensor. The flux observer is designed in the 
stationary reference frame rather than in the rotor 
reference frame to reduce the effect of inductance 
variation due to magnetic saturation on the estimation 
accuracy in steady state. The estimation error in the flux 
observer is transformed to that in the rotor reference frame 
and utilized to identify inductance variation in real time. 
 
2. Mathematical Model of IPMSM Considering 

Magnetic Saturation 
 

The flux linkage model of an IPMSM and its time 
derivative in the rotor reference frame can be generally 
written as 

 

m
r
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where r
dqλ  and r

dqi  denote the stator flux linkage vector 

and the stator current vector respectively. Static 
inductances, dynamic inductances and magnet flux linkage 
in (1) can be defined by 
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The flux linkages of a test machine in this work with 

respect to the currents in the rotor reference frame are 
depicted in Fig. 1, where it can be seen that the saturation 
effect on the q-axis is more conspicuous than on the 
d-axis. 
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(a)                      (b) 
Fig. 1  d-q flux linkage in the rotor reference frame 

(a) d-axis flux linkage     (b) q-axis flux linkage 
 

Neglecting the cross magnetization unless the current is 
extremely high, the flux linkage only depends on the 
corresponding axis current in the rotor reference frame 
and the static and the dynamic inductances become 
diagonal. 
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The stator voltage model of an IPMSM in the stationary 
reference frame can be expressed by 
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where sR denotes the stator resistance. 

The transformation between the stationary reference 
frame and the rotor reference frame can be expressed by 

the rotation matrix ( ) ⎥
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3. Flux Observer 
 

A flux observer designed in the stationary reference 
frame can be expressed by 
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where the circumflex denotes an estimated parameter/ 
variable and oK denotes an observer gain matrix. 

The observer block diagram is depicted in Fig. 2(a) and 
can be converted to its equivalent form in Fig. 2(b) by 
setting ( ) ( )rro θθω= −1ˆ RLRK so  as a time-varying gain. 

This yields 
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Defining two estimated fluxes, one is from a voltage 
model ( )∫ −= dtRs
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Fig. 2  Flux observer in the stationary reference frame 

(a) original form     (b) equivalent form 

rent model ( ) ( ){ }m
s
dqs

s
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rr . The closed- 

loop estimated flux with respect to these in a frequency 
domain can be expressed by 
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The estimated flux basically consists of the high-pass- 
filtered flux from the voltage model and the low-pass- 
filtered flux from the current model. Thus in steady state it 
follows the current model at low frequency and the 
voltage model at high frequency with the crossover 
frequency oω . Since this feature makes the flux observer 

robust to inductance variation at high frequency, the flux 
observer is preferred to be designed in the stationary 
reference frame rather than in the rotor reference frame[8]. 

Even though the flux observer is designed in the 
stationary reference frame, its dynamic characteristics in a 
frequency domain can be analyzed in the rotor reference 
frame. Transforming (4) and (6) to the rotor reference 
frame and applying the Laplace transform yields 
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  It can be seen that the transfer matrix becomes the unity 
without parameter variation. 

The steady-state characteristic of the flux observer can 
also be analyzed by using complex vector notations. 
Substituting 0=s and in (8) and using the relationship 
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r
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r
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r
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r
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complex vector expression yields 
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where r
dqΛ̂ , r

dqΛ  and r
dqΛ denote the estimated flux 

vector, the actual flux vector, and the conjugate flux 
vector in steady state, respectively. It should be noted that 
the conjugate expression comes from the inherent saliency 
of an IPMSM. The geometric interpretation of (9) in the 
DQ plane is shown in Fig. 3. 

The sensitivity of the flux observer to parameter 
variation can be analyzed from the transfer matrix in (8). 
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Fig. 3  Estimated steady-state flux vector 

 
While the sensitivity in a single-input-single-output 

(SISO) system is typically analyzed using the magnitude 

of the transfer function, it is analyzed using the matrix 
norm of the transfer matrix in a multi-input-multi-output 
(MIMO) system. 
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where [ ]⋅σmax and [ ]⋅λmax denote the maximum singular 

value and the maximum eigenvalue, respectively. 
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Fig. 4  Sensitivity of the flux observer to parameter variation 

(a) resistance sensitivity (b) inductance sensitivity 
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For the test motor with its parameters in Table 1, the 
sensitivity of the flux observer to parameter variation with 
the crossover frequency π=ω 20o  rad/sec is depicted in 

Fig. 4. The resistance sensitivity is shown in Fig. 4(a) and 
is almost constant below the crossover frequency, reaches 
its peak at the operating frequency and is declined as the 
frequency increases. This feature depending on the 
operating speed is based on the transformation between 
the reference frames. The inductance sensitivity is shown 
in Fig. 4(b) and is similar to the resistance sensitivity. A 
decrease of the sensitivity to parameter variation at a high 
operating speed is due to a lesser effect on the estimated 
flux from the open-loop voltage model. It should be noted 
that increasing the order of the transfer matrix results in 
less sensitivity to resistance variation at low operating 
speed but more sensitivity to inductance variation at high 
operating speed[9]. 
 

4. Inductance Estimation 
 

The static inductance can be estimated by using the 
estimation error transformed to the rotor reference frame. 
The error dynamics of the flux observer can be derived 
from (4) and (6). 
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is related to the state variable, the 2nd term to input, and 
other terms is treated as disturbance. 

A positive definite function can be defined by 
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where tr denotes a trace of a matrix, and this function 
becomes a Lyapunov-like function since the input variable 
in (12), i.e. the current is another state variable to be 
controlled. 

An input coefficient in the error dynamics is typically 
estimated by the multiplication of estimation error and 
input[10]. It should be noted that the estimation error of the 

current should be used since that of the flux linkage is not 
available. Therefore the adaptive law for inductance 
estimation can be described by 
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where Γ  denotes the adaptive gain matrix. It can be seen 
that the static inductances are estimated using the 
variables in the rotor reference frame. To check the 
stability of this adaptive technique, differentiating (13) 
yields. 
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The time derivative of the Lyapunov-like function in 
(13) does not become positive with actual values of the 
stator resistance and the rotor magnet flux linkage, which 
is hardly achievable. To prevent undesirable blow-up, the 
projection method is utilized to estimate inductances with 
an adaptive technique. 
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The adaptive flux observer with on-line inductance esti- 



Adaptive Flux Observer with On-line Inductance Estimation of …                       193 

 
 

 

sL̂

mΛ
s
dqv

×

s
1

sR̂

s
dqi

s
1

sR

( )rθ−1R ( )rθR1
sL−

( )rθ−1R ( )rθR×

( )rθ−1R

mΛ̂

s
dqλ

s
vλ̂

s
iλ̂s

dqλ̂

s
oω

s
γ

 
Fig. 5  On-line inductance estimation 

 
mation is depicted in Fig. 5. The estimated inductance 
which is constant in the previous flux observer is now 
updated in real time. It is crucial to check the condition for 
persistent excitation when an adaptive scheme is used. 

Dynamic inductances are defined by the relationship 
between the time derivatives of current and flux linkage in 
the rotor reference frame. Therefore it is impossible to 
estimate dynamic inductances in steady state using the 
definition in (1). An estimation method using Taylor 
approximation of flux linkage is developed. 
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Neglecting cross magnetization and using the definition 
of inductances in (3), the dynamic inductance can be 
estimated from the static inductance. 
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5. Simulation and Experiment 
 

The adaptive flux observer with on-line inductance 
estimation has been investigated by computer simulations 
and lab experiments. Simulink® was used for the 
computer simulation. The IPMSM used in this simulation 
and experiment is an integrated starter/alternator for 
automotive applications. 

Table 1  Nominal machine parameters 

Symbol Description Value (Unit) 

Prated Rated Power 5 (kW) 

Vrated Rated Voltage 30 (Vrms) 

Irated Rated Current 150 (Arms) 

P Pole pairs 4 (n.u.) 

Rs Stator resistance 13 (mΩ) 

Lds D-axis inductance 90 (µH) 

Lqs Q-axis inductance 290 (µH) 

Λm Magnet flux linkage 11 (mV·sec) 

 

The nominal parameters of this machine are shown in 
Table 1. The test condition is the torque command of 30 
Nm at three different speeds of 15 r/min, 150 r/min, and 
1500 r/min which correspond to 1 Hz, 10 Hz, and 100 Hz, 
respectively. The crossover frequency of the flux observer 
is set to 20π rad/sec which corresponds to 10 Hz. 

The simulation result for the flux observer without 
inductance estimation is depicted in Fig. 6. The upper 
figures in (a), (b), and (c) show the calculated flux from 
the look-up table and the estimated flux from the flux 
observer on d-axis. The lower figures show those on 
q-axis. The estimation accuracy at low speed shown in (a) 
is worse on q-axis, since magnetic saturation makes more 
of an effect on q-axis. The estimation accuracy at the 
crossover frequency shown in (b) becomes better on 
q-axis, but worse on d-axis since it has the most 
cross-coupling effect at this speed. The estimation 
accuracy at high speed shown in (c) becomes better on 
both axes since the flux is estimated dominantly from the 
voltage model, which takes no effect from inductance 
variation. The characteristic of the flux observer with 
inductance estimation is depicted in Fig. 7. The estimation 
accuracy is improved particularly at low speed. The 
inductance estimation using the proposed adaptive law is 
shown in Fig. 8. 

The test setup employs a TI’s DSP-based controller 
with the sampling time of 0.1ms for the current control. 
The experiments under the same condition are depicted for 
the flux observer without inductance estimation in Fig. 9, 
for the flux observer with inductance estimation in Fig. 10, 
and for the inductance estimation by the adaptive law in 
Fig. 11. It matches well with the simulation results, except 
for periodic ripples at high speed. These ripples having 
operating frequency are caused from the periodic position 
errors in synchronization with the rotation cycle of the 
resolver that occur due to its structure[11]. 
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(a)        (b)             (c) 

Fig. 6  Estimation characteristics of the flux observer without inductance estimation (simulation) 
(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min 
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(a)        (b)             (c) 

Fig. 7  Estimation characteristics of the flux observer with inductance estimation (simulation) 
(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min 
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(a)        (b)             (c) 

Fig. 8  On-line inductance estimation using the proposed adaptive method (simulation) 
(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min 
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(a)        (b)             (c) 
Fig. 9  Estimation characteristics of the flux observer without inductance estimation (experiment) 

(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min
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Fig. 10  Estimation characteristics of the flux observer with inductance estimation (experiment) 

(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min
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Fig. 11  On-line inductance estimation using the proposed adaptive method (experiment) 

(a) 30 Nm command at 15 r/min           (b) 30 Nm command at 150 r/min         (c) 30 Nm command at 1500 r/min



196                        Journal of Power Electronics, Vol. 9, No. 2, March 2009 
 
 

 

 

6. Conclusions 
 

The paper has introduced an adaptive flux observer with 
on-line inductance estimation for an IPMSM considering 
magnetic saliency. The flux observer is designed in the 
stationary reference frame to be robust to inductance 
variation at high speed in steady state and the estimation 
error of the flux observer is transformed to the rotor 
reference frame and utilized to estimate static inductances. 
Dynamic inductance is estimated from static inductance 
by Taylor approximation. The simulation and experiment 
results have demonstrated that this technique is effective 
at an overall operating frequency. Even at very low speed, 
the estimation accuracy is well maintained as long as a 
transient occurs fast enough to utilize the voltage 
information. Further work on cross magnetization and 
magnet flux variation due to temperature can be helpful to 
extend this research. 
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