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 
Abstract—Flux-linkage based sensorless control method is 

well-known and has been widely used in the control of electrical 
machines. The closed-loop flux observer (CLFO), which is the 
adaptive combination of the machine voltage and current models, 
is commonly adopted. It can cover a wide speed operation range 
and was considered to be able to solve the dc drift and initial value 
problems associated to the pure integrator used in the observer. 
However, it is reported in this paper that this popular CLFO 
cannot always work as expected. In some situations, dc-offsets 
cannot be removed by this flux observer, causing large system 
oscillation at fundamental frequency and is very harmful to the 
drive system. This important issue has not been reported and 
discussed in the existing literatures of the CLFO. In this paper, 
this phenomenon is experimentally illustrated and solution to 
damp this harmful oscillation is proposed and verified experi-
mentally on a synchronous reluctance machine drive system. 

Index Terms—dc-offset, flux observer, non-ideal proportion-
al-resonant controller, sensorless, stability, synchronous reluc-
tance machine 

I. INTRODUCTION

YNCHRONOUS reluctance machine (SynRM) is consid-
ered to be a good candidate for super premium efficiency 

machines and is obtaining a lot of interests from the industries. 
It is also of great interest to develop sensorless control scheme 
to drive the SynRM effectively and efficiently. It is worth no-
ticing that most of the industrial applications are with fan, pump, 
and compressor types of loads. For such applications, the de-
sired operation range of the machine is normally 20‒100% of 
its rated speed. High dynamic control at low speed operation 
during startup is not necessary. Instead, cost, robustness, and 
efficiency are three main aspects to be considered. 

Electrical machine sensorless control has been studied ex-
tensively in the past decades, as it has the advantages of re-
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duced system cost and complexity and increased system relia-
bility. Many high performance sensorless control methods have 
been reported for synchronous machine drive systems. These 
methods can be roughly categorized as the electromotive force 
(EMF), inductance variation or flux-linkage sensing methods 
[1]. Regarding the SynRM drive with fan, pump, and com-
pressor applications, position sensing via flux-linkage is 
commonly used in the medium to high speed range [2]-[7]. This 
method is implemented in this paper. The starting of the 
SynRM drive uses a simple I-f startup strategy, which has been 
well discussed in [4]. 

To apply the flux-linkage based position sensorless control 
algorithm to the salient-pole machines, a “fictitious PM flux” 
model was first introduced in [5]. The “active flux” or 
“torque-producing flux” concept was then proposed as a gen-
eral solution for various types of AC machines [6], [7]. This 
method integrates the stator voltage to obtain the stator flux 
linkage and the rotor position is then estimated by identifying 
the active flux component that is aligned with the rotor d-axis. 
In this method, the dc-drift problem associated to the integrator 
must be carefully treated. 

Dc-offset of a pure integrator can be caused by the drift in-
troduced by sensors, sampling and A/D conversion, parameter 
variation etc. [8], [9], as well as a wrong initial value of the 
integrator [9]. The presence of the dc-offset will cause the 
speed of the system oscillating at its fundamental frequency [2], 
[9], which could be harmful to the system. Many efforts have 
been spent to solve this dc-offset problem. A straightforward 
method is simply to remove the average value of the 
flux-linkage [2], [9]. This method is sufficient to solve the 
initial value problem but has poor dynamic performance. Low 
pass filter (LPF) 1/(s+ωc), which is actually the combination of 
a first-order high pass filter (HPF) s/(s+ωc) and a pure inte-
grator 1/s, can perform well when the machine operation fre-
quency is high enough compared to the cutoff frequency ωc of 
the LPF [10]-[12]. This is to ensure that the phase delay caused 
by the filter is small and the resultant estimated position error 
will not affect the system stability. In order to obtain a wide 
speed operation range, compensation of the magnitude and 
phase errors associated to the LPF should be implemented [13]. 
All these methods are based on the machine voltage model only 
and result in an open-loop flux observer, whose dynamic per-
formance reduces as the speed reduces [14]. An improved 
solution is to employ a closed-loop flux observer (CLFO), 

Improved Closed-Loop Flux Observer Based 
Sensorless Control Against System Oscillation 
for Synchronous Reluctance Machine Drives 

Dong Wang, Member, IEEE, Kaiyuan Lu, Member, IEEE, and Peter Omand Rasmussen, Member, IEEE 

S

© 2019 IEEE.  Personal use of this material is permitted.  Permission from IEEE must be obtained for all other uses, in any current or 
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for 
resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



IEEE TRANSACTIONS ON POWER ELECTRONICS 
 

2 

which is a hybrid of the open-loop machine voltage- and cur-
rent-models [15], [16]. It is a model reference adaptive system 
(MRAS) and the two open-loop models are tuned/adapted 
together by a proportional-integral (PI) regulator. The voltage 
model is dominant in the medium-high speed range and the 
current model is dominant in the low speed range [6], [7], [15], 
[16]. The compensation signal to the voltage model, which is 
from the PI regulator, is expected to be able to compensate 
various errors such as integration dc-offset and stator resistance 
variation, by taking the signal obtained from the current model 
as the reference [6], [7], [16]. Besides, since the CLFO uses 
both machine voltage- and current-models for flux-linkage 
estimation, the redundancy may increase the system robustness 
and stability [15]. 

This popular CLFO was considered to be applicable for 
unified AC machines [7] and has been implemented in induc-
tion machine [15], [16], PM machine [6], [7] and SynRM [7], 
[17] sensorless drives. Existing studies regarding SynRM 
sensorless drive try to limit the minimum magnetizing current 
to a certain level, e.g. rated value, even at low speed light load 
conditions [17]. However, it is not an energy efficient solution 
to keep a high magnetizing current than needed and is not 
preferred in applications such as fan, pump, and compressor. 
The magnetizing current should be controlled to achieve high 
energy efficiency of the SynRM drive. A simple and reliable 
strategy is to set the magnetizing current (d-axis current) being 
equal to the torque producing current (q-axis current) [18], [19]. 

In this paper, it is validated experimentally that the CLFO, 
which has been widely used in [6], [7], [17], [22] and is con-
sidered to be able to overcome the dc-offset problem of the 
open-loop flux observer [2], [9], cannot always work as ex-
pected. Dc-offsets can be observed in the flux-linkage obtained 
from the CLFO, resulting in unexpected system oscillation. 
This paper reports this unexpected low frequency oscillation 
phenomenon related to the CLFO that was not been paid at-
tention to before, supported by simulations and experiments. In 
addition, an improved CLFO to remove the dc-offsets and 
damp this oscillation is proposed and verified experimentally. 

II. CONTROL SYSTEM TOPOLOGY 

The complete control system topology, including startup 
strategy and field-oriented control (FOC), is illustrated in Fig. 1. 
The three switches are connected to terminal 1 during startup 
procedure and switched to terminal 2 during normal FOC op-
eration. The start procedure uses an open-loop I-f startup 
strategy for accelerating the SynRM from zero speed to 20% of 
the machine rated speed. This I-f method was initially intro-
duced for PMSM and detailed stability analysis and design 
guidelines were given in [4]. After the SynRM has reached 20% 
of the rated speed, the controller is then switched to closed-loop 
FOC operation. 

The electromagnetic torque of the SynRM is expressed as: 

    3
, , 

2e d d q q d q d qT p L i i L i i i i  , (1)

where p is the machine number of pole-pairs; Ld(id, iq) and Lq(id, 
iq) are current dependent d- and q-axes inductances; id, iq are 
machine d- and q-axes currents, respectively. It is well-known 
that the inductances of the SynRM may vary a lot due to the 
self- and cross-saturation effects [20], [21]. Detailed nonlinear 
machine inductance or flux-linkage map is required to perform 
more accurate sensorless control [21]. “Artificial inductance” 
concept can be considered to reduce the system complexity but 
will result in less accuracy [22]. In the SynRM FOC, it is often 
a convenient choice to set [18], [19] 

2d q mi i I  , (2)

where Im is the magnitude of the machine current vector. 
Position sensing via flux-linkage is used to estimate the 

machine rotor position. It is well-known that the machine 
voltage equation represented in the αβ-reference frame is: 

s

d
v R i

dt    , (3)

where v̄αβ, ī αβ, and λ̄αβ are the machine stator voltage vector, 
current vector, and flux-linkage vector, respectively; Rs is the 
stator phase resistance. 

As the machines are normally controlled in rotor 
dq-reference frame, the stator flux-linkage can be expressed as: 

    r rj j
pm d d q q q pm d q dL i jL i e L i L L i e 

          , (4)

where λpm is the amplitude of the rotor PM flux-linkage. θr is the 
machine rotor position while zero position is defined to be the 
position where rotor d-axis and stator phase a-axis are aligned. 
The term λpm + ( Ld − Lq) id is known as “fictitious PM flux” [5] 
or “active flux” [6]. 

The estimated rotor position is the argument of the vector λ̄αβ 
− Lqīαβ , which can be calculated as: 

1
, tan q

r est
q

L i

L i
 

 





 




. (5)

Fig. 2 shows the detailed topologies of the flux linkage based 
position and speed observer. 

 

Fig. 1.  Position sensorless control scheme with startup procedure for SynRM. 
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According to (3), the flux-linkage can be calculated as: 

 sv R i dt     , (6)

which is known as the voltage model based open-loop flux 
observer. In practice, various dc-offsets will affect the inte-
grator output and a dc-offset compensation term v̄offset should be 
included. In addition, inverter voltage error v̄inv may be com-
pensated when estimating the flux, as shown in Fig. 2 [6]. 
Therefore, voltage mode flux observer (6) may be modified to: 

 *
s inv offsetv R i v v dt       . (7)

A reference flux-linkage is required in the compensation 
block in order to form a closed-loop compensation mechanism. 
The reference flux linkage is often obtained from the machine 
current model as: 

    ˆ ˆ* , , r rj j
dq pm d d q d q d q qe L i i i jL i i i e 

        , (8)

where θ̂r is the estimated rotor position. The machine voltage- 
and current-models are adapted together through a PI regulator 
as shown in Fig. 2. 

III. SYSTEM IMPLEMENTATION AND OSCILLATION 

PHENOMENON 

The previously described control system is implemented. 
The system topology and experimental setup are shown in Fig. 
3 and Fig. 4, respectively. The parameters of the SynRM are 
given in Table I. The values of the PI gains are tuned and 
checked both analytically and experimentally, according to the 
detailed tuning guidelines given in [23], with the results of 
nearly zero overshoot for the d-axis current loop and speed loop, 
and around 5% overshoot for q-axis current loop. 

Fig. 5 shows the sensorless FOC experimental performance 
at 300rpm – 20% of the machine rated speed nrt. It can be ob-
served from Fig. 5 that in general, the drive exhibits good 
performance at different steady state and transient operation 
conditions. The position error is small and there is almost no dc 
offsets in the flux linkage components in the αβ-reference 
frame. The CLFO discussed previously delivers almost ex-
pected performances. Moreover, it can be observed from Fig. 5 
(c) that there are no obvious overshoot in machine current and 
speed when there is a step load change, which means that the PI 
gains are properly adjusted. 

However, it is noted that a system speed oscillation phe-
nomenon was observed during the experiment, as demonstrated 
in Fig. 6 when operating at 600rpm 10A load condition. A clear 
dc-offset in the machine flux-linkage can be observed and the 
real machine speed is oscillating at the fundamental electrical 
frequency as well. The acoustic noise level was significantly 
increased during the experiment. Actually, the system is al-
ready oscillating in a small range as can be observed in Fig. 5 
(a), where the variation of the position error clearly shows that 
the system is oscillating at its fundamental frequency. Besides, 

it can be seen that the waveform of λ̂β is located a bit lower than 

λ̂α , which means that the dc-offset occurs. This oscillation 
phenomenon has not been reported before for this popular 
CLFO illustrated in Fig. 2. Similar phenomenon was reported 
for the open-loop flux observer [2], [9]; but now it occurs for 
the CLFO, which was considered to be able to overcome this 
dc-offset problem. This means that the CLFO, with the idea to 
use the reference current model to remove the dc-drifts in the 
voltage model through an adaptive mechanism, cannot always 
work as expected. Dc-offsets can still be brought into the es-
timated flux-linkage and it cannot be eliminated by the original 
CLFO itself, resulting in continuous system oscillation. 

IV. CLOSED-LOOP FLUX OBSERVER ANALYSIS 

A CLFO needs a compensation voltage v̄offset to balance the 
effects of the dc-offsets existing in the voltage model flux ob-
server. An extra reference flux signal from the machine current 
model (8) is used to generate v̄offset, as illustrated in Fig. 2. In 
normal steady-state working conditions without any speed 
oscillation, id and iq are almost constant values, so are λd and λq. 

 

Fig. 2.  The closed-loop flux observer and position/speed estimator. 

 

Fig. 3.  System topology of the test setup. 

 

Fig. 4.  Picture of the test setup of the SynRM drive. 

TABLE I 
MOTOR PARAMETERS 

Synchronous Reluctance Machine 
Rated power 5.5 kW Stator resistance 0.38 Ω 
Rated voltage 353 V d-axis inductance 124.0 mH 

Rated current 13.9 A q-axis inductance 36.2 mH 
Rated speed 1500 rpm d-axis saturated inductance 40.9 mH 
Rated torque 35.0 Nꞏm q-axis saturated inductance 14.3 mH 
Rated frequency 50 Hz Inertia 1.9  102 kgꞏm2 
Power factor 0.69 Pole pairs 2 
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Therefore, the reference flux from the current model in the 
αβ-reference frame λ̄*

αβ is ideally pure sinusoidal without offsets. 
Any offset appearing in the flux linkage λ̄αβ obtained from the 
voltage model (7) can then be extracted by comparing with λ̄*

αβ. 
This is the fundamental working principle and the expectation 
of this compensation block. However, when the reference flux 
linkage λ̄*

αβ generated by the current model are no longer si-
nusoidal but contain offsets, they may match the offsets in the 
voltage model and the resultant flux linkage λ̄αβ through this 
adaptive mechanism may still contain undesired offsets, set-
tling in a continuous system oscillation in steady state condi-
tions as demonstrated in Fig. 6. This is illustrated through the 
case study below. 

To investigate the possible system oscillation phenomenon, 

dc-offsets are intentionally introduced into the active flux λ̄  
a
αβ, 

which will affect the position estimation and consequently 
other system variables by following the closed-loop flow paths 
(marked in red arrow) illustrated in Fig. 7.  To simplify the 
analysis, the current controller is supposed to have large 
enough bandwidth so that the real currents iq and iq can well 
track (are equal to) the reference currents id

*  and iq
* at steady 

state conditions. The system dc-drifts is represented by an 
equivalent voltage component v̄drift  in the machine voltage 
model. 

Fig. 8 (a) shows the steady state operation condition where 
there is no flux dc-offsets and speed oscillation, which serves as 
a reference of the healthy operation condition. It can be seen 
that the active flux λ̄ a

αβ has an amplitude of 0.4Wb when the 
machine is operating at 600rpm (20Hz electrical frequency) 
with id

*= iq
*

 = 10A. The position and speed obtained at this con-
dition are considered as reference position θr

*  and speed nr
* . 

When small dc-offsets (0.02 and 0.01Wb) are introduced to the 
α- and β-axes active flux respectively. It can be seen in Fig. 8 (b) 

that the estimated position θ̂r starts to deviate from the refer-

ence position θr
*, and both the estimated position θ̂r and speed 

n̂r contain 20Hz oscillating components. The oscillating speed 

 

Fig. 6.  Sensorless FOC experiment performance at 600rpm with 10A load –
with system oscillation phenomenon, where nr and n̂r  are measured and

estimated speed, Δθr is position error, λ̂α  and λ̂β  are estimated α- and
β-components of the flux linkage. 

 
   (a) 

 
   (b) 

 
   (c) 

Fig. 5.  Sensorless FOC experiment performance at 300rpm: nr and n̂r are 

measured and estimated speed, θr and θ̂r are measured and estimated position, 

Δθr is position error, λ̂α and λ̂β are estimated α- and β-components of the flux 
linkage. (a) no load. (b) 10A load. (c) 12A step load on and off. 
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feedback n̂r  creates oscillating components in ī  
*

dq  after the 
speed loop PI regulator (with kp = 0.5 and ki = 1). Since it is 
assumed that the real machine current īdq can follow the refer-
ence current ī  

*
dq ideally, the dq-axes flux linkages λ̄dq obtained 

from the current model (8) (with Ld = 50mH and Lq = 10mH) 
contain 20Hz oscillating components as well. Transforming the 

dq-frame signals back to the αβ-frame by using θ̂r (contains a 
20Hz oscillating component), it can be observed in Fig. 8 (b) 
that the current ī αβ and flux linkage λ̄*

αβ waveforms are both 
distorted, and contain dc-offsets and second order (40Hz) 
harmonics. If the dc-offsets of the flux linkage obtained from 
the voltage model λ̄αβ (e.g. caused by v̄drift and īαβ) happen to 

match those obtained from the current model λ̄*
αβ, the input to 

the PI regulator in the compensation block will then be zero. 
The voltage compensation term v̄offset, as the output of the PI 
controller, will not be affected, and v̄offset can no longer com-

pensate the existing dc-offsets. The flux-linkages λ̄*
αβ can then 

be used to obtain new active flux λ̄ a
αβ1, which contain dc-offsets 

and second order (40Hz) harmonics as well. Based on the new 
active flux λ̄ a

αβ1, the signal waveforms are recalculated by re-
peating the above procedure. It can be seen in Fig. 8 (c) that the 
resultant active flux waveforms λ̄ a

αβ1  (bottom figure) are the 

same as the starting active flux waveforms λ̄  
a
αβ of this calcula-

tion procedure (top figure), which means that the steady state 
has been reached. Thus, for this situation, it can be seen that the 
dc-offsets in λ̄αβ  cannot be removed by this widely used 
closed-loop compensation block since λ̄αβ  and λ̄*

αβ  have the 
same dc-offsets. 

Moreover, it is worth to be pointed out that even only 
dc-offsets are introduced, both dc-offsets and second order 
harmonics will finally appear at steady state condition as shown 
in Fig. 8 (d). The dc-offsets are now 0.072 and 0.037Wb re-
spectively (which are higher than the originally injected 
dc-offsets), and the amplitudes of the second order harmonics 
are 0.059Wb for both α- and β-components. To investigate the 
system oscillation phenomenon further, similar analysis is done 
by introducing second order harmonics (instead of dc-offsets) 
into the active flux. Fig. 9 shows the signal waveforms at the 
steady state condition. It can be observed that both dc-offsets 
(0.072 and 0.037Wb respectively) and second order harmonics 
(0.059Wb) appear at final steady state condition, even no 
dc-offsets are introduced externally at the initial stage. 

Analysis associated to Fig. 8 illustrates a possible steady 
state operation condition that the CLFO may fail in removing 

the dc-offsets. However, the real condition is more complicated. 
For example, in practice, īdq cannot follow ī  

*
dq ideally due to the 

limited controller bandwidth. Phase delay will exist in all PI 
regulators. Dc-drifts are introduced in the sampled īdq, which 
will be integrated and do not give constant dc-offsets in the flux 
signals. The steady state operation condition with continuous 
system oscillation is the synergy of the speed and current reg-
ulators, CLFO, position and speed estimator, and the dc-drifts 
of the system. A detailed model of the machine and controller 
was implemented and the simulation results for the same con-
dition as Fig. 6 are given in Fig. 10. It can be seen that the 
simulated position and speed oscillations are very similar to the 
test results shown in Fig. 6. This confirms that the CLFO may 
fail in removing the dc-offsets and steady state continuous 
operation with dc-offsets present in the flux linkages and cur-
rent may exist. 

It should be noted that the “dc-offsets” are actually not con-
stant values. To investigate this, the waveforms of the machine 
variables during step load transient are recorded. Fig. 11 shows 
experimental performance at 600rpm 5A step load. It can be 
seen from Fig. 11 (a) that the real speed and the position esti-
mation error begin to oscillate as the offsets of the machine 
current and flux in the αβ-reference frame occur gradually. Fig. 
11 (b) shows the “dc” offset of the machine variables obtained 
from a LPF with 3Hz cutoff frequency, where the voltage is eα = 

vα* − Rsꞏiα. It can be seen that they are actually not constant dc 
values, but oscillating at a very low frequency at “steady state” 
condition viewed from machine variables working at the fun-
damental frequency. 

Since the dc-offsets and speed oscillation appear gradually 
without noticeable signal sudden change in a closed-loop sys-
tem, it is hard to tell which signal stimulate the system oscilla-
tion. It can only be concluded that the system damping factor is 
not big enough to stabilize the system at such operation condi-
tion. A complete system small signal model linearized at a 
steady-state operation condition is needed if theoretical analy-
sis of the system stability (damping factor) is preferred. So far, 
such analysis is generally presented in the synchronous refer-
ence frame (dq-frame), where the large signals of the machine 
variables are almost constant at steady-state operation condi-
tion and it is then possible to linearize the system as presented 
in [24], [25]. Since in this CLFO, the voltage model and adap-
tive mechanism are implemented in the αβ-frame and the ma-
chine variables keep changing at steady-state condition, it is not 
easy to linearize the system and perform system stability 
analysis. However, the provided simulation and experiment 

 

Fig. 7.  Signal flow chart for the analysis of the system oscillation. 
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proofs are adequate to demonstrate the problem of the CLFO. 
The discussion in this section shows that the cause of the sys-
tem oscillation phenomenon is due to the imperfect dc-offset 
removal of the observer. The proposed solution to overcome 
this problem is illustrated in the below section. 

V. IMPROVED CLOSED-LOOP FLUX OBSERVER 

According to the analysis in the above section, the introduc-
tion of either dc-offsets or second order harmonics in the flux 
linkage will finally result in a flux-linkage with both of them at 
steady state condition. Thus, it is straightforward to consider 

          
     (a)                                                                                                                               (b)      . 

          
     (c)                                                                                                                               (d)      . 

Fig. 8.  Investigation of the influence of dc-offsets in active flux: nr
* and n̂r are rpm speed corresponding to ωr

* and ω̂r in Fig. 7. (a) Reference signal waveforms 
when there are no dc-offsets. (b) Waveforms when dc-offsets are introduced. (c) Waveforms at steady state. (c) Spectrum at steady state. 
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solving the problem by simply removing both the dc-offsets 
and other high-order harmonics (mainly the second order 
harmonic) of the flux-linkage obtained from machine current 
model λ̄*

αβ . To guarantee desired dc-offset-free signals gener-
ated from the current model, a non-ideal proportional-resonant 
(PR) controller [26] is employed to perform as a 
band-pass-filter (BPF) and to extract the fundamental compo-
nents of λ̄*

αβ as the reference flux-linkage to be used in the 
compensation block as illustrated in Fig. 12. 

 
(a) 

 
(b) 

Fig. 11.  Sensorless FOC experiment performance at 600rpm 5A step load: nr is 

measured speed, Δθr is position error; iα and iβ are measured currents; λ̂α and λ̂β

are estimated α- and β-components of the flux linkage; λ̂α0, λ̂ 

*
α0, eα0 and voffset,α0

are the dc-offset components of λ̂α, λ̂ 

*
α, eα and voffset,α in Fig. 2. (a) Machine 

transient performance. (b) Low frequency offsets obtained by low-pass filtering 
the recorded variables. 

 
Fig. 12.  Modified CLFO with non-ideal PR controller. 

It should be pointed out that even higher order components 
of λ̄*

αβ are suppressed by using a non-ideal PR controller, the 
effects on the final output of  λ̄αβ is limited. This phenomenon 
can be analyzed by using the simplified block diagram of the 
CLFO as shown in Fig. 13 (a), which represents the essential 
part of the closed-loop adaptive mechanism. For a certain 
component λ̄*

nth (e.g. the dc or high order harmonics), if it does 
not appear in the output of the reference model i.e. λ̄*

nth = 0, the 

 
(a) 

 
(b) 

Fig. 9.  Investigation of the influence of second order harmonics in active flux.
(a) Waveforms at steady state. (b) Spectrum at steady state. 

 

Fig. 10.  Simulated system oscillation at 600rpm with 10A load steady state: nr

and n̂r are measured and estimated speed, Δθr is the position error, λ̂α and λ̂β are
estimated α- and β-components of the flux linkage. 
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transfer function of the block diagram shown in Fig. 13 (a) can 
be expressed as: 

th
2

th

( )
( )

( )
n

c
n pc ic

s s
G s

v s s k s k


 

 
, (9)

where kpc and kic are the proportional and integral gains of the 
PI regulator used in the CLFO. Compared with the open-loop 
flux observer (i.e. only a pure integrator as shown in Fig. 13 (b)) 
where Go(s) = λnth/vnth = 1/s, the extra damping effect caused by 
the CLFO is governed by: 

2

2

( )
( )

( )
c

ex
o pc ic

G s s
G s

G s s k s k
 

 
. (10)

The frequency response of (10) is shown in Fig. 13 (c). It can 
be seen that for high order harmonic components, the CLFO 
(Fig. 13 (a)) behaviors the same as the open-loop integrator 
used for obtaining the flux from the voltage (Fig. 13 (b)). 
Therefore, by suppressing high order harmonics in the refer-
ence flux linkage (λ̄*

αβ1) generated by the non-ideal PR con-
troller, the closed-loop observer will exhibit limited changes on 
the high order harmonics in the final output λ̄αβ, whose fre-
quency responses are mainly determined by the integrator. 

Moreover, it is worth to point out that when λ̄*
αβ does not 

contain any dc-offset, the CLFO can provide extra damping 
effects in the low frequency range compared with the original 
open-loop flux observer. The damping effect increases as the PI 
gain increases as shown in Fig. 13 (c). This phenomenon ex-
plains the principle of why the CLFO can be used for dc-offset 
removal. 

 
                      (a)                                                         (b) 

 
(c) 

Fig. 13.  Simplified model of CLFO. (a) Block diagram when Δλ̄nth ≠ 0. (b)
Equivalent block diagram when Δλ̄nth  = 0. (c) Frequency response of extra
damping effect compared with a normal integrator, low PI gains with kpc = 20
and kic = 50, high PI gains with kpc = 50 and kic = 100. 

 

   (a) 

 

   (b) 

 

   (c) 

Fig. 14.  Sensorless FOC experiment performance with non-ideal PR controller 

and speed filter: nr and n̂r are measured and estimated speed, θr and θ̂r are 

measured and estimated position, Δθr is position error, λ̂α and λ̂β are estimated 
α- and β-components of the flux linkage. (a) no load at 300rpm. (b) 10A load at 
600rpm. (c) 12A step load on and off at 300rpm. 
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Furthermore, for any component contained in λ̄*
αβ, assuming 

it is equal to the component contained in λ̄αβ (i.e. λ̄*
nth = λ̄nth), then 

the input to the PI (Δλ̄nth) equals zero. The CLFO in Fig. 13 (a) 
will degenerate to the open-loop flux observer shown in Fig. 13 
(b). Therefore, no extra damping effect can be gained for that 
particular component. If this component is the dc component, 
then the CLFO loses the ability of dc-offset removal as dis-
cussed in section IV, Fig. 8. This is why the non-ideal PR 
controller is introduced to prevent the dc and other relevant 
harmonics (e.g. second order harmonic) from appearing in the 
reference flux linkage that may cause the system oscillation 
phenomenon.  

The transfer function of the non-ideal PR controller can be 
expressed as: 

2 2

2
( )

2
i c

c

K s
G s

s s


 


 

, (11)

where Ki, ωc, and ω represent the controller gain, cutoff fre-
quency, and resonant frequency, respectively. In this paper, Ki = 

1, ω = ω̂r, and ωc = 0.1ω are selected in the controller. The bi-
linear transform is implemented to obtain the digital filter used 
in DSP by replacing s with [27] 

1

1

2 1

1s

z
s

T z









, (12)

where Ts is the sampling period. 
Fig. 14 shows the FOC performance with non-ideal PR 

controller. It can be seen that the flux-linkage is nearly pure 
sinusoidal, and speed ripples are limited to a very narrow band. 
The achieved position estimation errors at different operation 
conditions at steady state with the PR controller are listed in 
Table II. It can be seen that the position error has a very narrow 
band, which illustrates that there is no dc-offset in the 
flux-linkage and system oscillation phenomenon observed 
previously is now highly suppressed. 

VI. CONCLUSION 

Sensorless control via flux sensing is implemented to drive a 
SynRM in this paper. System oscillation phenomenon is ob-
served, which means the widely used closed-loop flux observer 
cannot always work as expected and may fail in removing the 
dc-offsets. This phenomenon has been illustrated experimen-
tally in this paper. The behavior of the closed-loop flux ob-
server during failure in dc-offset removal is discussed. An 

alternative solution by adopting a non-ideal PR controller in the 
current model flux observer is proposed and verified experi-
mentally to suppress this harmful system oscillation. Satisfac-
tory drive performance is achieved. However, a thorough 
mathematical analysis regarding the system stability with the 
closed-loop flux observer is expected in the future study, so that 
other possible solution may be developed. 
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