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Sensorless Control of Permanent Magnet Synchronous Motors with 
Compensation for Parameter Uncertainty 
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Abstract – Estimation errors of the rotor speed and position in sensorless control systems of 
Permanent Magnet Synchronous Motors (PMSM) will lead to low efficiency and dynamic-performance 
degradation. In this paper, a parallel-type extended nonlinear observer incorporating the nominal 
parameters is constructed in the stator-fixed reference frame, with rotor position, speed, and the load 
torque simultaneously estimated. The stability of the extended nonlinear observer is analyzed using the 
indirect Lyapunov’s method, and observer gains are selected according to the transfer functions of the 
speed and position estimators. Taking into account the parameter inaccuracies issue, explicit estimation 
error equations are derived based on the error dynamics of the closed-loop sensorless control system. 
An equivalent flux error is defined to represent the back Electromotive Force (EMF) error caused by 
the inaccurate motor parameters, and a compensation strategy is designed to suppress the estimation 
errors. The effectiveness of the proposed method has been validated through simulation and experimental 
results. 
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1. Introduction 
 
Permanent Magnet Synchronous Motor (PMSM) is 

superior for its high power density, high dynamic response, 
and high efficiency over wide speed range, and is 
extensively used in vehicle propulsions, wind power 
systems, and industrial applications [1-3]. The rotor 
position information is indispensable for speed feed-back 
control and coordinate transformation in high performance 
field oriented control systems for PMSM, which is usually 
obtained through a mechanical position sensor. Since the 
mechanical position sensors, such as resolvers and encoders, 
are vulnerable to strong vibration, high operating tem-
perature and humid atmosphere, sensorless control of 
PMSM has been the research focus by extracting the 
position information from terminal voltages and currents, 
which can be separated into saliency- and model-based 
sensorless methods [4, 5]. The saliency-based high-
frequency signal injection methods, which exploits rotor 
position dependent inductance properties, are appropriate 
only for low and zero speeds due to the constraints of 
constant DC voltage and high-frequency noise [6-8]. 

The model-based sensorless methods are widely used 
in medium to high speed range for their simplicity and 
high efficiency, which mainly include back-EMF (electro 
motive force) estimation based method, sliding-mode 
observer (SMO), extended Kalman filter (EKF), model 

reference adaptive system (MRAS), and nonlinear observer, 
etc. Linear state observers are constructed in the estimated 
synchronous reference frame to estimate the back-EMF 
by assuming it to be constant in a very short time, and rotor 
speed and position are sequentially extracted with arc-
tangent or phase-locked loop (PLL) [9, 10]. The SMO is 
employed to estimate the speed and position in the stator-
fixed reference frame [11-14]. Although the two-order 
SMO is very attractive for its simplicity and robustness 
against system noise, modifications are required to mitigate 
the chattering of SMO, such as replacing signum function 
with sigmoid/saturation function or constructing high-
order SMO. The EKF, which is an optimal estimator in 
the least-square sense, is implemented for speed and 
position estimation with high reliability [15, 16]. However, 
the EKF requires complex matrices computation and 
proper initialization for covariance matrix. Compared with 
the EKF, the MRAS is much simpler, and is successfully 
extended to PMSM for sensorless control, along with 
motor parameters simultaneously identified based on 
EKF or additional MRAS estimator [17, 18]. As the rotor 
position is estimated from the integration of the estimated 
speed without any adjustment scheme, errors might 
propagate in the sequentially connected estimation loops. 
The nonlinear observer proposed by [19, 20] is capable of 
estimating the speed and position of PMSM simultaneously, 
and is a good candidate for high dynamic sensorless 
control. Genetic algorithms, employing the principles of 
evolution, natural selection, and genetic mutation, are 
introduced for the selection of nonlinear observer gains 
[21]. To improve the observer performance against load 
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variations, an extended nonlinear observer is proposed to 
estimate the stator current, rotor position and speed, as well 
as the load torque simultaneously [22]. However, the 
nonlinear observer shows sensitivity to electrical parameter 
variations, and estimation errors of the speed and position 
may arise if the motor parameters adopted in the observer 
are inaccurate, leading to poor dynamic performance and 
low efficiency. 

In this paper, the effects of inaccurate motor parameters 
on the estimation of rotor speed and position are 
investigated, and instead of precisely identifying each 
motor parameter, an equivalent flux error is defined and 
compensated to suppress the estimation errors of the 
extended nonlinear observer. The rest of this paper is 
organized as follows. In Section 2, a full-order extended 
nonlinear observer is built in the stator-fixed coordinate 
frame, with rotor position, speed, and load torque 
simultaneously estimated. In Section 3, explicit estimation 
error equations are derived; and an equivalent flux error 
representing the effects of inaccurate parameters is defined 
and compensated to suppress the estimation errors. 
Experimental setup and evaluation of the proposed method 
are provided in Section 4. 

 
 
2. Sensorless Control Based on the Extended 

Nonlinear Observer 
 
In this section, a full-order extended nonlinear observer 

is built in the stator-fixed coordinate frame incorporating 
the electrical and mechanical equations of PMSM. 

 
2.1 Extended nonlinear observer for PMSM 

 
The electrical and mechanical equations of PMSM in the 
-α β  frame are directly given as: 
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where, uα  and uβ  are the stator voltages in the -α β  
frame; . iα  and iβ  are the stator currents in the -α β  
frame; sL , sR  are the stator resistance and inductance 
respectively; fψ  is the Permanent Magnet (PM) flux-
linkage; mω  and eθ  are the mechanical speed and 
electrical position respectively; nP  is the motor pole pairs; 
J  and B  are the system inertia and friction coefficient 
respectively; Te, TL  are the electromagnetic torque and load 
torque respectively, and 1.5 ( sin cos )e n f e eT P i iα βψ θ θ= − + . 

The full-order dynamic model of PMSM can be readily 
established based on (1) and (2), with state variables to 
be iα , iβ , mω , and eθ , which is express as: 
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Note that, compared with the system sampling frequency 

(typically the PWM frequency), the load torque, which is 
generally unknown in practical systems, can be safely 
assumed to be constant during a very short time. In order to 
extract the speed and position from the information of 
stator voltages and currents instead of installing a 
mechanical position sensor, a full-order extended nonlinear 
observer with load torque estimation is built in the -α β  
frame based on the dynamic model of PMSM, as shown in 
(4). Estimation errors of the stator currents ( iαΔ , iβΔ ) are 
used to regulate the estimated speed, position, and load 
torque. 
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where, variables with ‘^’ denote the estimated values, 
while parameters with ‘^’ stand for the nominal values of 
the motor parameters adopted in the extended nonlinear 
observer; K  is the nonlinear observer gain matrix; eT ′  is 
the electromagnetic torque calculated in the -α β  frame 
based on the estimated rotor position, which can be 
expressed as: 

 
 e n f e e

ˆ ˆˆ1.5 ( sin cos )T P i iα βψ θ θ′ = − +  
 
For asymptotic convergence of the extended nonlinear 

observer, the state-linearization method is utilized to 
determine the structure of the observer gain matrix. By 
transforming the PMSM model and the extended nonlinear 
observer to the polar coordinate frame with the nonlinear 
coordinate transformation given in (5), linearized observer 
gain matrix can be determined employing the linear 
control theory. To avoid ambiguity in the sign of the 
estimated speed, a reverse transformation to the -α β  
frame is implemented with (6). More details on the 
observer gain matrix derivation can be found in [20-22] 
and the references therein. 
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The ultimate expression of the observer gain matrix in 

the -α β  frame is obtained as: 
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where, Kαβ , zK , and dK  are constant and positive 
observer gains, and: 

 

 
1 0
0 1
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

I , ( )e e
n f

ˆ ˆsin cos
ˆ

J
P

θ θ
ψ

= −Γ ; 

 m e m e

n m f e e

ˆ ˆˆ ˆsin cos1
ˆ ˆˆ ˆ cos sinP

ω θ ω θ
ω ψ θ θ

⎛ ⎞−
= ⎜ ⎟⎜ ⎟

⎝ ⎠
Λ . 

 
2.2 Observer gain selection 

 
The schematic diagram of the rotor speed and position 

estimators can be drawn based on the extended nonlinear 
observer (4), as shown in Fig. 1. It is clear that the 
structure of the extended nonlinear observer belongs to the 
parallel-type, with the estimated rotor speed and position 
simultaneously adjusted by the stator current estimation 
errors. Note that the structure of the extended nonlinear 
observer is different from the cascade type, in which only 
the estimated rotor speed is directly adjusted by system 
states, with the estimated position obtained from the 
integration of the estimated speed, and vice versa. 

To investigate the dynamic performance of the extended 
nonlinear observer, the transfer function from the back-
EMF estimation error to the current estimation error can be 
obtained by subtracting (4) from (3) and transforming to 
the s-domain, under the assumption that accurate motor 
parameters are adopted. 
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where s sK K R Lαβ αβ′ = + . 
Estimation errors of rotor speed and position can be 

defined as: 
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Based on Fig. 1 and (8), the speed and position 

estimators can be represented by two closed-loop tracking 
control systems, as shown in Fig. 2. 

According to Fig. 2, the estimated rotor speed and 
position in s-domain can be expressed as: 
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It can be seen from (10) and (11) that the poles and 

zeroes of the closed-loop transfer functions are nearly 
constant under different speed conditions (assuming 

m mω̂ ω≈ ). The observer gains can be selected to fulfill the 
expected tracking bandwidth and damping coefficient 
using the Root Locus or Bode Diagrams, under the stability 
constraint of L zK K Kαβ′<  (see Appendix A). 

 
2.3 Sensorless control system for PMSM 

 
Fig. 3 shows the block diagram of the overall sensorless 

control system for PMSM based on the extended nonlinear 
observer, consisting of a speed proportional-integral (PI) 

Fig. 1. Schematic structure of the parallel-type rotor speed 
and position estimators 

Fig. 2. Block diagram of the speed and position estimators
 

Fig. 3. Block diagram of the sensorless control system of 
PMSM
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regulator and two current PI regulators implemented in the 
synchronous rotating reference frame (SRRF). 

As depicted in Fig. 3, the speed for feed-back control 
and the rotor position for coordinate transformation are 
obtained from the extended nonlinear observer, instead of a 
mechanical position sensor. * 0di =  control is used in the 
constant-torque mode, while the torque current reference 

*
qi  is generated from the speed tracking error. The voltage 

references ( *
du , *

qu ) in the SRRF are obtained from current 
tracking errors of d, q axes, and are transformed to the 
stator-fixed reference frame as *uαβ , which is the voltage 
reference for SV-PWM. 

 
 

3. Estimation Errors and Compensation  
Strategy 

 
In this section, explicit estimation errors of the rotor 

speed and position due to the parameter inaccuracies are 
calculated and analyzed, and a compensation strategy is 
designed to suppress the estimation errors. 

 
3.1 Estimation errors analysis 

 
It has been well studied that the motor parameters tend 

to vary with different operating conditions. For instance, 
the stator resistance and PM flux-linkage are functions of 
the stator and rotor temperatures respectively, while the 
stator inductance changes with the magnetic level. It 
should be noted that the stator resistance could increase to 
150% of its nominal value, and the PM flux-linkage may 

decrease to 90% of its nominal value. Moreover, the effects 
of the stator resistance and the PM flux-linkage are 
dominant in causing position and speed estimation errors. 
Since the air-gap of the surface-mounted PMSM is 
relatively large, the stator inductance variation is small and 
can be safely ignored, i.e., s sL̂ L= . Errors between the 
actual motor parameters and their nominal values are 
defined as: 

 
 s s s f f f

ˆ ˆ,   =R R R ψ ψ ψΔ = −   Δ −  (12) 
 
The effects of the stator resistance and PM flux-linkage 

inaccuracies on the estimation of rotor speed and position 
are investigated through simulation, as shown in Fig. 4 and 
Fig. 5. 

In Fig. 4, the stator resistance error varies from -0.5 sR  
to 0.5 sR  under the full-load condition, with the rotor 
speed ranges from 100 rpm to 1500 rpm. From Fig. 4, it is 
clear that inaccurate stator resistance will cause large 
estimation errors of the speed and position, and they are 
both in proportion to the stator resistance error. In Fig. 5, 
the PM flux error varies from 0.9 fψ  to 1.1 fψ  under no-
load condition, with rotor speed ranges from 100 rpm to 
1500 rpm. It can be seen that the inaccurate PM flux-
linkage will also cause large estimation errors of the speed 
and position, and they are in proportion to both of the PM 
flux error and rotor speed. 

By subtracting the extended nonlinear observer (4) 
from the dynamic model of PMSM (3), the estimation 
error dynamics of the sensorless control system is derived 
as: 

 
(a) 

 
(b) 

Fig. 4. Effects of the stator resistance inaccuracy: (a) speed 
estimation error; (b) position estimation error 

 
(a) 

 
(b) 

Fig. 5. Effects of the PM flux-linkage inaccuracy: (a) speed 
estimation error; (b) position estimation error 



Sensorless Control of Permanent Magnet Synchronous Motors with Compensation for Parameter Uncertainty 

 1170 │ J Electr Eng Technol.2017; 12(3): 1166-1176 

s α 1 1

s 2 2

m L L m

e n m

ˆ
ˆ

ˆ( )

s

ss

s
e e

Ri R iL i
L iL i Ri R i
L iT T T T J B J

P

αα

αβ β β
αβ

β

λ ξ
λ ξ

ω ω
θ ω

⎛ ⎞−Δ − Δ + +⎛ Δ ⎞
⎜ ⎟⎜ ⎟ ΔΔ ⎛ ⎞−Δ − Δ + +⎜ ⎟⎜ ⎟ = − ⎜ ⎟Δ⎜ ⎟Δ⎜ ⎟ ′ ⎝ ⎠− − + − Δ
⎜ ⎟⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠

K

  (13) 
 

where 
 

1 n m f m f e n m f e e

2 n m f m f e n m f e e

ˆ ˆˆ( )sin sin cos
ˆ ˆˆ( )cos sin sin

P P

P P

λ ω ψ ω ψ θ ω ψ θ θ

λ ω ψ ω ψ θ ω ψ θ θ

⎧ = Δ + Δ + Δ⎪
⎨

= Δ + Δ + Δ⎪⎩
; 

1 n m f e e

2 n m f e e

ˆsin (cos 1)
ˆcos (cos 1)

P

P

ξ ω ψ θ θ

ξ ω ψ θ θ

⎧ = Δ −⎪
⎨

= − Δ −⎪⎩
. 

 
To evaluate the effects of inaccurate parameters, the 

following approximations are made when the extended 
nonlinear observer converges to the equilibrium point. 

1) The differences between the actual motor parameters 
and their nominal values are small, and the resultant 
rotor position estimation error is small, which yields 

e esin ,θ θΔ ≈ Δ  ecos 1θΔ ≈ . 
2) The derivative of the estimated position is equal to the 

actual rotor speed, which indicates e n m
ˆ =d dt Pθ ω . 

Based on the assumptions above, explicit estimation 
errors of rotor speed and position can be derived from the 
estimation error dynamics (13), as: 
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where, di  and qi  are the stator currents in the SRRF. 

It can be inferred from (14) that the speed estimation 
error is merely caused by the back-EMF error of the 

-q axis, relating to sRΔ  and fψΔ . It can be seen from 
(15) that the rotor position estimation error consists of two 
components: the first is caused by the back-EMF error of 
the -d axis; the second is caused by speed estimation error, 
and is affected by the observer gains. Since 0di =  control 
is commonly employed in the constant torque region, the 
first component of (15) is zero. Thus, the rotor position 
estimation error can be simplified to: 
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3.2 Compensation for parameter uncertainties 

 
As is analyzed in the previous section, the estimation 

errors of rotor speed and position are essentially caused by 
the back-EMF estimation errors. Therefore, an equivalent 
flux error equψ  is defined to represent the effects of the 
back-EMF error, which is expressed as: 
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Substituting the equivalent flux error into (14) and (16), 

the estimation errors of the speed and position can be re-
expressed as: 
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Although higher observer gain zK  is beneficial in 

reducing the position estimation error, its effect is limited 
due to the restrictions imposed by the sensorless system 
stability conditions and the Signal-to-Noise-Ratio of the 
system, especially in the low speed region. As indicated in 
(18), the estimation errors of the speed and position are 
both in proportion to the equivalent flux error, and can be 
suppressed by compensating for equψ  in the extended 
nonlinear observer. Fig. 6 shows the phasor diagram of 
PMSM considering the parameter inaccuracies. 

As depicted in Fig. 6, the estimated back-EMF ˆ
αβE  

deviates from the actual back-EMF αβE both in magnitude 
and phase due to the inaccurate motor parameters. The 
magnitude difference will result in speed estimation error, 
whereas the phase difference will lead to -d axis current 
error iΔ  and the position estimation error subsequently. 
The position estimation error dynamics can be extracted 
from (13) and rewritten as: 
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where, e e

ˆ ˆcos sini i iα βθ θΔ = Δ + Δ . 
By substituting (18) into (19), the relationship between 

equψ  and iΔ  under steady-state condition can be derived. 

 
Fig. 6. Phasor diagram considering parameter inaccuracies
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It is clear that, by considering the rotor speed to be 

constant in a very short time, the equivalent flux error is 
proportional to iΔ , and can be compensated by forcing 

iΔ  to be zero. Thus, the adaption law for the equivalent 
flux error can be designed as: 
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where, λK +∈  is the gain for the estimation of the 
equivalent flux error. 

To suppress the estimation errors of the speed and 
position caused by inaccurate motor parameters, the 
estimated equivalent flux error is supplemented into the 
extended nonlinear observer, as shown in the following: 
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4. Experimental Studies 
 
The performance of the sensorless control system for 

PMSM based on the extended nonlinear observer with 
parameter uncertainty compensation is investigated on the 
testing platform based on fixed-point DSP TMS320F28234, 
as shown in Fig. 7. 

The sampling frequency and the PWM frequency in the 
experimental tests are both set to 10 kHz. The DC bus 
voltage is measured, and the reference voltage *

αβu  is fed 
to the extended nonlinear observer instead of the actual 
output voltage, along with the dead time and digital PWM 
delay compensated. A 2500-line incremental encoder is 
installed to measure the actual rotor position of PMSM, but 
only for reference purpose. The load torque imposed on the 
PMSM is generated by a permanent magnet synchronous 

generator (PMSG) with a power-resistor as its load. The 
specifications of the prototype PMSM used in the 
simulation and experimental tests are given in Table 1. 

Fig. 8 shows the experimental results of the sensorless 
control system with and without the load torque estimation. 
The reference speed is fixed to 500 rpm, with 3.2 N·m 
(65% rated load) imposed on the shaft, and accurate motor 

 

 
(a) 

 
(b) 

Fig. 7. Testing platform setup: (a) block diagram of the 
testing platform; (b) photograph of the testing 
platform 

 

 
Fig. 8. Experimental results of the sensorless control system

with and without load torque estimation 

Table 1. Specifications of the prototype PMSM in 
simulation and experimental tests 

Parameter Value 
Rated Power 1.0 (kW) 
Rated Current 5.0 (A) 

Rated DC Voltage 311 (V) 
PM flux-linkage 0.125 (Wb) 
Stator Inductance 2.8 (mH) 
Stator Resistance 1.0 (Ω) 

Pole Pairs 4 
Rated Speed 2000 (rpm) 



Sensorless Control of Permanent Magnet Synchronous Motors with Compensation for Parameter Uncertainty 

 1172 │ J Electr Eng Technol.2017; 12(3): 1166-1176 

parameters are adopted in the extended nonlinear observer. 
Large speed estimation error can be observed when the 
load torque estimation is disabled, corresponding to the left 
side of the dashed line. After the estimation for load torque 
is activated, the estimated load converges to its actual value 
within 0.1 s, and the steady-state estimation errors of the 
speed and position are nearly zero, corresponding to the 
right side of the dashed line in Fig. 8. 

Fig. 9 shows the experimental results with different 
stator resistance values adopted in the extended nonlinear 
observer. The Reference speed is fixed to 200 rpm and 
torque-current qi  is 2.1 A (30% of the rated current). To 
verify the effect of the stator resistance error on the 
estimated speed and position, the stator resistance adopted 
in the observer is deliberately set to 0.5 sR , sR , 1.5 sR  
respectively, while the PM flux-linkage is set to its actual 

value. From Fig. 9, it can be found that for s s
ˆ 0.5R R= , the 

speed estimation error is about -35 rpm, and the position 
estimation error is about -10°; for s sR̂ R= , the estimation 
errors of the speed and position are nearly zero; for 

s s
ˆ 1.5R R= , the speed estimation error is about 40 rpm, and 

the position estimation error is about 8°. The experimental 
results demonstrate that the stator resistance inaccuracy 
will cause significant estimation errors of the speed and 
position in the low speed region, which is in accordance 
with theoretical analysis. 

Fig. 10 shows the experimental results with different PM 
flux-linkage values adopted in the extended nonlinear 
observer when the reference speed is set to 500 rpm under 
no-load condition. To verify the effect of the PM flux error 
on the estimated speed and position, the PM flux-linkage 
adopted in the observer is set to 0.9 fψ , fψ , 1.1 fψ  
respectively, while the stator resistance is set to its actual 
value. From Fig. 10, it can be found that for f fˆ 0 9 .ψ ψ= , 
the speed estimation error is about -40 rpm, and the 
position estimation error is about -8°; for f fˆ  ψ ψ= , the 
estimation errors of the speed and position are nearly zero; 
for f fˆ 1 1 .ψ ψ= , the speed estimation error is about 60 rpm, 
and the position estimation error is about 10°. The 
experimental results demonstrate that the PM flux-linkage 
inaccuracy will also cause significant estimation errors of 
the speed and position, which is in accordance with 
theoretical analysis. 

Fig. 11 shows the experimental results of the sensorless 
control system with and without compensation for the 
equivalent flux error when the stator resistance adopted 
in the extended nonlinear observer is deliberately set to 
0.5 sR . The PM flux-linkage is set to the actual value; the 
reference speed is set to 200 rpm, and the torque-current 
is 2.1 A (30% of the rated current). It is clear that the 
estimated speed deviates from the actual speed due to the 

 
Fig. 9. Experimental results of the sensorless control system

with different stator resistance values adopted in the 
extended nonlinear observer 

 

 
Fig. 10. Experimental results of the sensorless control 

system with different PM flux-linkage values 
adopted in the extended nonlinear observer 

 
Fig. 11. Experimental results of the sensorless control 

system with and without compensation for the 
equivalent flux error when s s

ˆ 0.5R R= is adopted 
in the extended nonlinear observer 
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effect of the stator resistance inaccuracy, corresponding 
to the left side of the dashed line in Fig. 11. And the 
speed estimation error is about -35 rpm, while the position 
estimation error is about -10°. After compensation for the 
equivalent flux error is activated, corresponding to the 
right side of the dashed line in Fig. 11, the estimated speed 
and position gradually converge to their actual values. 
Estimation errors caused by the inaccurate stator resistance 
are effectively suppressed, and the steady-state estimation 
errors are nearly zero. Similar results can be obtained when 
the stator resistance adopted in the observer is set to 1.5 sR . 

Fig. 12 shows the experimental results of the sensorless 
control system with and without compensation for the 
equivalent flux error when the PM flux-linkage adopted in 
the extended nonlinear observer is deliberately set to 0.9 fψ . 
The stator resistance is set to the actual value in this test, 
and the reference speed is set to 1000 rpm under no-load 
condition. It is clear that the estimated speed deviates from 
the actual speed due to the effect of the PM flux-linkage 
inaccuracy, corresponding to the left side of the dashed line 
in Fig. 12, with the speed and position estimation errors to 
be -80 rpm and -13° respectively. After compensation for 
the equivalent flux error is activated, corresponding to the 
right side of the dashed line in Fig. 12, the estimated speed 
and position gradually converge to their actual values. 
Estimation errors caused by the inaccurate PM flux-linkage 
are effectively suppressed, and the steady-state estimation 
errors are nearly zero. Similar results can be obtained when 
the PM flux-linkage adopted in the observer is set to 1.1 fψ . 

Fig. 13 shows the speed tracking performance of the 
sensorless control system with and without compensation 
for the equivalent flux error. The stator resistance and PM 
flux-linkage are set to 0.5 sR  and 0.9 respectively to 
simulate the practical worst conditions; the reference speed 
is set to accelerate from 200 rpm to 1000 rpm and reversely 

within 0.5s time. At the meantime, the load torque 
imposed on the shaft is proportional to the actual speed 
approximately, and the maximum torque-current is 5.6 A 
(80% of the rated current). There is no equivalent flux error 
compensation in Fig. 13(a), and it can be seen that the 
estimation errors of the speed and position are proportional 
to the rotor speed, with their maximum values being -75 
rpm and -18° respectively. After compensation for the 
equivalent flux error is activated, as shown in Fig. 13(b), 

 
Fig. 12. Experimental results of the sensorless control 

system with and without compensation for the 
equivalent flux error when f fˆ 0 9 .ψ ψ=  is adopted 
in the extended nonlinear observer 

 
(a) 

 
(b) 

Fig. 13. Speed tracking performance of the sensorless 
control system when inaccurate stator resistance 
and PM flux-linkage are adopted in the extended 
nonlinear observer: (a) without compensation for 
the equivalent flux error; (b) with compensation 
for the equivalent flux error 
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the effects of the inaccurate stator resistance and PM flux-
linkage are suppressed effectively, with the maximum 
estimation errors of the speed and position limited within 
10 rpm and 5°, and nearly zero steady-state estimation 
errors are obtained. Additionally, the actual speed tracks 
the reference speed well in both transient and steady-state 
periods. 

Fig. 14 shows the speed reversal performance of the 
sensorless control system with compensation for the 
equivalent flux error under light-load condition. The stator 
resistance and PM flux-linkage are set to 0.5 sR  and 0.9 fψ  
respectively to simulate the worst conditions; the reference 
speed is set to decelerate from 150 rpm to -150 rpm and 
reversely within 0.2 s time. As shown in Fig. 14, the 
estimated speed and position track their actual values well 
in both steady-state and transient periods, which 
demonstrate that the effects of the inaccurate stator 
resistance and PM flux-linkage are suppressed effectively. 
Although the signal-to-noise ratio is very poor in such low 
speed region, the results show stable operation during bi-
direction tests. The average steady-state position estimation 
error is nearly zero, whereas the transient estimation 
position estimation error is about 5°. 

 
 

5. Conclusion 
 
In this paper, an extended nonlinear observer with 

equivalent flux error compensation is proposed to improve 
the estimation accuracy of the rotor speed and position. 
Explicit estimation errors of the speed and position due to 
the parameter inaccuracies were derived and analyzed in 

detail. Although, the position estimation error can be 
reduced by properly adjusting the observer gains, its effect 
is limited due to the restrictions imposed by the sensorless 
system stability conditions and the SNR (Signal-to-Noise-
Ratio) of the system. As the estimation errors are 
essentially caused by the back-EMF estimation error, an 
equivalent flux error is defined to represent the effects of 
the parameter inaccuracies. And Instead of precisely 
identifying each motor parameter, a compensation strategy 
for the equivalent flux error is designed to eliminate the 
estimation errors of the position and speed. Experimental 
tests have demonstrated that accurate estimation for rotor 
speed and position can be achieved with the proposed 
method, insensitive to motor parameter uncertainties. 

 
 

Appendix A 
 
By assuming that the parameters adopted in the extended 

nonlinear observer are accurate, the error dynamic equation 
is derived by subtracting the extended nonlinear observer 
(4) from the dynamic models of PMSM (3), and 
subsequently transformed into the estimated SRFF, as 
shown in (A.1). 
 
 ( )=x f x  (A.1) 
 
where, T

m e L( )d qi i Tω θ= Δ Δ Δ Δ Δx ; diΔ  and qiΔ  are 
the stator current estimation errors in the estimated SRFF; 
and: 
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Evidently only one equilibrium point exits, that is 

0=P . The local stability of the adaptive observer around 
P  is studied using Indirect Lyapunov’s Method. 

= ∂ ∂J f x  is defined as the Jacobian matrix of the error 
dynamic equation, which can be obtained as follows: 
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  (A.2) 
 
The linearized form of the error dynamic equation 

around equilibrium point P  takes the following form: 

 
Fig. 14. Experimental results of speed reversal performance 

of the sensorless control system with compensation
for the equivalent flux error 
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 == x pγ J γ  (A.3) 
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The asymptotical stability of the extended nonlinear 

observer can be determined by investigating its linearized 
approximation [23]. And the characteristic equation of the 
linearized form error dynamic equation can be derived as: 

 

 
z z

2 3 2
d
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 (A.4) 

 
According to Routh’s stability criterion, all the 

eigenvalues of (A.4) will be located on the left-half 
complex plane as long as d zK K Kαβ′<  and Kαβ >0, 

zK >0, and dK >0, which indicates an asymptotically 
stable system. 
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