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Abstract— In this paper, new model-based sensorless control
methods are proposed, including estimation methods for the
position and speed errors and compatible position and speed
estimators. In proposed methods, the speed error is estimated as
well as the position error in the conventional model-based
sensorless methods. By the proposed methods, unity transfer
function from actual position to estimated position can be achieved
eliminating the effects of load disturbances. It means that the
position error would be ideally zero even in transient situations.
Experimental results verify the effectiveness of the proposed
methods under severe speed transient (20,000 r/min/s) and load
torque transient (20 p.u./s). With the proposed methods, position
error has been conspicuously reduced by 60% at speed transient
and by 70% at load torque transient in high speed region.
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[. INTRODUCTION

Sensorless control of Interior Permanent Magnet
Synchronous Machine (IPMSM) has been widely used in
various drive applications including home appliances and
traction systems. Since the merits such as cost, volume, and
reliability can be achieved by sensorless control, many
approaches to estimate the rotor position and speed have been
developed for a few decades [1-15]. In sensorless control,
generally, they can be divided into two categories: high-
frequency signal injection methods (HFSIM) [1-5] and model-
based methods (MBM) [6-15]. The former is based on the
magnetic saliency in high-frequency range and used in standstill
and low speed region. However, since the operating speed is
limited and the additional loss is imposed due to the injection
voltage, the latter is preferred in higher speed region.

In both methods, ie., HFSIM, and MBM, accurate
estimation performance and increased control bandwidth have
been important issues. Regarding the accurate estimation of the
rotor position, it has been disclosed that the distorted voltage by
inverter should be compensated in both methods [2, 6-8]. In
these researches, it was shown that the distortion from the
reference voltage is related with the resulting position error.
Also, it was turned out that the cross-coupling and non-linearly
varying inductances have an effect on the position error and they
were considered in the signal-processing procedures [3]. More
precise machine model using Extended Electromotive force
(EEMF) concept [9-10], online parameter identification scheme
[6] and representative parameter selection minimizing the

position error [11] were proposed to achieve the accurate
position estimation performance.

Meanwhile, for the increased control bandwidth, position
and speed estimator including mechanical equation was
proposed [12]. In [12], by employing the torque feed-forward
into the estimator, phase lagging property in the estimation was
eliminated. This scheme can be also applied to HFSIM in same
manner. Especially, in HFSIM, there were attempts for higher
control bandwidth by increasing the injection frequency until
switching frequency which is the theoretical limitation [4-5].
They enable that the overall bandwidth of the system including
position, speed and current control can be extended.

Despite of continuous efforts to enhance the performance,
still the sensorless control is vulnerable to load disturbances.
Even if a robustness in the position estimation is one of the most
important characteristics in actual application, since the load
disturbance is not predictable, it has remained as a weak point in
both sensorless methods, i.e., HFSIM and MBM. Naturally,
there were several approaches to increase robustness of the
system against the load disturbance such as disturbance torque
observer [13]. However, inherently, the bandwidth of the
disturbance observer is limited according to the system and,
therefore, it is not suitable in the most of servo application.

Therefore, in this paper, new model-based sensorless control
methods are proposed, including estimation methods for the
position and speed errors and compatible position and speed
estimators. In the proposed methods, the speed error is estimated
as well as the position error in the conventional MBMs. Though
the classical papers covered the sensorless methods using the
speed error information [ 14-15], their concept for the speed error
is different with this paper and, for this reason, several terms
which are important in high speed operation were neglected in
previous researches. In the proposed methods, meanwhile, unity
transfer function from actual position to estimated position can
be achieved eliminating the effects of load disturbances. It
means that the position error would be ideally zero even in
transient situations. Experimental results verify the effectiveness
of the proposed methods under severe speed transient (20,000
r/min/s) and load torque transient (20 p.u./s). With the proposed
methods, position error has been conspicuously reduced by 60%
at speed transient and by 70% at load torque transient in high
speed region.



II. CONVENTIONAL MODEL-BASED SENSORLESS CONTROL

In medium- and high-speed regions, the rotor position and
speed are estimated by MBM since the additional voltage
injection is not required and, therefore, loss can be reduced. In
this chapter, conventional methods would be introduced. One is
the MBM using an EEMF concept and the other is the sensorless
methods using a speed error which is considered as a
differentiation of the position error.

The fundamental model of PMSM in rotor reference frame
where d-axis is placed toward the rotor position (=6, ) is given

by (1).
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where v, v, , i, i, , and Lgs, Lgs stand for the d- and g-axes
voltages, currents and static inductances respectively.
Additionally, R, for the stator-winding resistance, A, for the

flux linkage from permanent magnets, @ for the rotational

speed in electrical angle. In (1), it is assumed that the effects of
coupling inductances such as L and L are sufficiently small.

In sensorless control, however, every control methods are
carried out in the estimated rotor reference frame. Thus, Eq. (1)
in the rotor reference frame should be expressed in the estimated
frame. Then, it can be noticed from (2) that the complicated
terms are induced since the inductance and coupling matrices are

asymmetric due to the saliency. In (2), 6, is defined as a
position error between the real rotor position and the estimated
one, i.e., 6, — 0 and the symbol ‘* in superscript means the

variable represented in the estimated frame. To simplify the
mathematical expression in the estimated frame, (1) can be
rearranged as (3) with the introduction of EEMF concept, i.e.,
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voltage equation of IPMSM can be expressed as if inductance
matrices were symmetric. Similarly, Eq. (3) can be expressed in

the estimated frame as (4).
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Based on (4), various type of estimators for EEMF were
proposed under the assumption of & =@, — & =0. One of the

classical estimators is shown in Fig. 1. In Fig. 1, parameters
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Conventional extended EMF estimator.

Fig. 1.

Fig. 2. Conventional position and speed estimator.

with ‘est’ in the subscript mean the estimated ones. The output
of the estimator, i.e., ¢}, , is used as an input of position and

speed estimator after simple signal processing of (5).
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For the estimation of position and speed, PID type position
and speed estimator including torque feed-forward in Fig. 2 is
commonly used [2, 12]. In Fig. 2, P indicates the number of

poles. Then, the estimator in Fig. 2 adjusts the estimated
position, 6 , and speed, @ , without phase delay in the
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would be nullified.
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On the other hand, as aforementioned in introduction,
several classical papers had covered the sensorless methods
using a speed or EMF error for non-salient machines
(Ls=Las=Lgs) [14-15]. In these papers, the position and speed (or
EMF) errors were estimated based on the difference between
measured and estimated current variation based on (1). Eq. (6)
shows the exact expression of the difference.
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In this equation, it is assumed that R =R, , L =L, , and no
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voltage distortion by inverter. However, despite of these
assumptions, previous researches had estimated the position
and speed errors neglecting last two terms in (6). This is
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because that the last two terms are almost cancelled out with
each other and they cannot be seen in the difference of current
variation. Therefore, extracted position and speed error from
this method would not match with real ones in the case that the
estimated speed becomes much different from real one, e.g.,
abrupt speed variation or load disturbances.

III. PROPOSED SENSORLESS CONTROL METHODS

A. Estimation of position and speed error

In proposed methods, position and speed errors are estimated
based on (7). Eq. (7) has been simplified from (2) under the

assumptions of sind, =~ 4, , sin’8, ~0 and cosd, ~1.

,.

After simplification, since the actual speed cannot be
obtained, it is segregated into the estimated speed and the speed
error terms, i.e., @, =&, + &, , and rearranged as (8). This is the

#
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terms defined as EMF errors can be estimated by known
parameters since the actual speed or position is never required in
(8). As the EMF errors contain the position and speed errors,
they can be extracted from and utilized for improved

most important expression in this paper. Then, &, and &

&

dgs

sensorless control. In &, ,

such as dé /dr and df?/dt are included, stability and
dynamic characteristics should be considered in back calculation
from & to 4, and @ . Moreover, design process for estimator

however, since the differential terms

considering stability and dynamics would be quite a complicated
work because & is affected by variable parameters, such as @,
and i}

7. - However, d6, /dt and df’/d: terms in (8) have

negligible effects on &, , and they can be ignored as in (9).
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B. Design of position and speed estimator
For the proposed estimation method for 4, and &,

simultaneously, conventional position and speed estimators
such as Fig. 2 would not be suitable because they use only one
input, i.e., 4., . However, in the proposed method, @ _, should

. Therefore, in this paper, new position
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be applied as well as

and speed estimator exploiting the estimated errors in (9) is
proposed as well. For the design of the estimator, state equation
of (10) is used, and its structure is shown in Fig.3. In this figure,

Fig. 3.

Proposed position and speed estimator.

I’ and [’ indicate —PL /2J, and —PI /2J, , respectively.
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As shown in (10) and Fig. 3, inputs of estimator are ., and

@, from (9), and 4 and & are adjusted in the direction that

both of inputs are nullified. Now, gain matrix in (10) should be
determined. If the extracted errors are estimated well, that is,
6., and @, are same with 8 -4 and @ —a., respectively,

rest rest
then the gain matrix can be set according to the desired dynamic
characteristics of the estimator. In (11) at next page, transfer

functions from 6,, @, , and AT to 6 and @ are listed. In

calculations for (11), § ., =6, and @, =@, are assumed. Also,
AT is defined as a disturbance torque which is the difference
between the feed-forward input, 7., and net torque applied to
-1, .
characteristics of the estimator, gain matrix is determined in

order that each transfer function in (11) have the required
characteristics.

the motor, i.e., Since they show the dynamic

In addition, it can be noticed from (11) that /=1 can
completely eliminate the effect of AT on 4, even if the effect
on & remains yet. Also, from /,=1 and the relation of 6. and
o, , Eq. (12) can be deduced.
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(a) Auxiliary speed estimator

(b) Modified position estimator

Fig. 4. Modified position and speed estimator including the proposed auxiliary speed estimator.

In (12), it can be noted that  have the perfect robustness
against the speed or load torque variation since H,, (s)+sH,,(s)
and H, (s) are unity and null, respectively, regardless of the

accuracy of the estimation of mechanical parameters. Also,
H,(s)/s+H,,(s) in (12) becomes unity. However, in this case,

should be

identical with actual ones. In this case, it can be known that
and /; are allowed to be removed since they cannot affect the
estimation process at all.

the estimated mechanical parameter, J, and B,

Thus, remaining gains in (10), besides /;=/3=0 and /,=1, are
set by proper pole-zero placement for H, (s). For example, if
one pole is placed on the real axis, i.e., -p;, and two poles are

—{o,* jo1-§*

determined by (13) and the result is shown in (14).
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on the complex plane, i.e., gains are

If [; = -p; is selected, then the zero in H,, (s) can be canceled
outand H, (s) is simplified as (15).

Pr_ s
2J S +2ws+ ]

H,y(s)= (15)

By this procedure, robust estimation performance can be
achieved and design process is simplified as well.

C. Auxiliary speed estimator

As mentioned above, although the response of § to AT
can be much enhanced by setting /,=1, that of @, is still affected

by it. Even if the increased gains would naturally reduce the
effects, gains cannot be increased above certain limit since the
estimated values by estimator become more sensitive to high-
frequency noise. Therefore, in this paper, apart from the
position and speed estimator introduced in previous section, an
auxiliary speed estimator is proposed as shown in Fig. 4. The
original estimator in Fig. 3 is changed to Fig. 4(b) with
modifying the input stage. Modified estimator would operate
combined with the auxiliary estimator in Fig. 4(a). In Fig. 4(a),
I;" is defined as —PI,/2J, . In the additional estimator, only the

L==p orh=0,|{* ) speed is estimated based on the state equation in (16).
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In (16), with the assumption of @& ,, =& , I, and /; can be

sest

determined by the transfer functions in (17).

J B
J:" sz+(lp+j’"js+li' i

N 2J

. = 2”’ L 70O, +— = 2AT,(17)
5" 428000, 1S+ DB, 4 57428 00D, oS+ D,

B
where s+2¢ o s+o 2=s2+[l +A”’]s+l.'.

m

From the comparison between (15) and (17), it can be known
that their forms are the same. Therefore, for the auxiliary speed
estimator to be effective, it should have higher bandwidth than
original one in (15) to reduce the effects of AT on @, . In this
way, minimizing the effects of noise on 8, , more robust speed-
estimating performance can be achieved.

On the other hand, the speed error input to the original
estimator in Fig. 4(b) should be determined. For the design of

the original estimator to be still valid, this value should have the
difference between the actual speed, @, and the unused state

variable, &,', in Fig. 4(b). For calculation of w, —&,", indirect
calculation method can be used as shown in (18).
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From (18), it can be known that the input to the original
estimator can be determined using @, from (9) and the state
variables, @,' and @, . Therefore, the auxiliary speed estimator

can be superimposed to the original estimator without any effect
on characteristics of each estimator.

Lest

TABLE L. PARAMETERS OF [IPMSM
IPMSM Parameters Value
Rated power 300 W
Rated current 2.85 Ams
Pole number 6
Back EMF constant ( 4, ) 0.064 Vs
Winding resistance 0.76 Q

Synchronous inductances

L4 7.15 mH, L, 10.6 mH

IV. EXPERIMENTAL RESULTS

For wverification of the proposed methods, several
experiments are designed. In experimental system, M-G set is
made up to emulate the loads. Before the experiments, voltage
distortion characteristics and parameters were extracted. Since
the error between the reference and applied voltage is a cause for
position error, it should be properly compensated in model-
based sensorless control. In implementation, compensation
voltages in Fig. 5 are superimposed to the output voltages of the
controller according to the phase currents. In addition,
parameters of the test motor are specified in Table I. Regarding
Ly in test motor, it is almost constant if i/ is in the range of 0.3

Voltage [V]
(=]

B S T 0 i 2 3 4

Current [A]

Fig. 5. Distortion voltage according to the phase current.
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(b) Comparison between the actual and estimated values

Fig. 6. Verification of the proposed estimation method for 4., and @, ,, .
~ 0.7 p.u.. Therefore, for convenience, experiments are designed
in this range.

Following experimental results show that the estimated
values, ie., 6  and & well match to actual values and

sensorless control performance can be conspicuously enhanced
by the proposed methods in both of the current and speed control
modes.

A. Verification of estimated position and speed error

The proposed estimation methods in (9) are verified by
comparing 6, and @, with the actual errors, i.e., 4 and @,

from position sensor. In this experiment, the test motor is
operated in speed control mode (@, =2000r/min) without the

position sensor which is used only for observing 8. and & . In

sensorless control, g, is estimated by (5) and it is used as an

rest

input to the estimator in Fig. 2.

Fig. 6 shows the comparison results between the actual and
estimated error. As shown in Fig. 6(a), even in the highly
dynamic operation including speed (3000 r/min/s) and load
torque variation (0.3 > 0.7 > 0.3 p.u., by 20 p.u. /s), it can be
noted in Fig. 6(b) that 4, and &, , are identical with actual

ones. Therefore, it can be concluded that the assumptions in (7)
and (9) are reasonable and the estimated values can be used as
an input to the proposed estimators in Fig. 3 and Fig. 4.
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(c) Proposed method with auxiliary speed estimator

Fig. 7. Position and Speed error in speed variation (500 < 1000 1/min).
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Fig. 8. Estimated speeds by each method.

B. Abrupt speed variation (20,000 r/min /s) in current control
mode

In Fig. 7-8, experimental results are presented when the
motor is in current control mode (i}’ =0.5p.u) and the load

machine regulates the rotating speed in speed control mode. In
Fig. 7, rotating speed is varied by load machine from 500 r/min
to 1,000 r/min, and back to 500 r/min again with the rate of
20,000 r/min /s. In the experiments, three different methods are
compared. One is the aforementioned conventional method
using (5) and the estimator in Fig. 2, whose result is shown in
Fig. 7(a). The proposed methods are used in Fig. 7(b)-(c) where
the difference is whether the auxiliary speed estimator in Fig. 4
is added or not. Even if the pole-placement for estimators is
equally set as p, =-8Hz, w, =4Hz, {=0.7 and o, =10Hz,

{ ... =0.7 for the auxiliary estimator, it can be noticed that the

performance in Fig. 7(c) is remarkable compared to other
methods, especially, in the first transient. In Fig. 7(a), the
position error exceeds even the stability limit, i.e., 90°, and it
can be noted that the applied load torque is abruptly changed into
reversed way. Meanwhile, in Fig. 7(b)-(c), the maximum
position error is less than 5° during the transient. Additionally,
in Fig. 7(c) which employs the auxiliary speed estimator, the
maximum speed error has been reduced by 30% compared to
Fig. 7(b) as well as the response time is decreased to less than
50% in the first transient. Fig. 8 shows the estimated speeds by
each method. As shown in the figure, even if the maximum
overshoot is similar to each other, it can be noted that the
proposed method with auxiliary estimator which is marked as
‘proposed 2’ has much faster response than any others.

In Fig. 9, experimental results are presented when the
operating speed is varied from 2,000 r/min to 2,500 r/min, and

(c) Proposed method with auxiliary speed estimator

Fig. 9. Position and Speed error in speed variation (2000 <> 2500 r/min).

back to 2,000 r/min with the rate of 20,000 r/min /s. In this
condition, it can be seen from Fig. 9(a) that the conventional
method can be operated in stable. However, its resulting position
and speed error reach 20° and 120 rad/s, respectively.
Meanwhile, in Fig. 9(b), it can be seen that while the resulting
speed error is similar with the conventional method, the
maximum position error is conspicuously reduced by more than
50%. It is because that the resulting speed error can be reflected
in the position estimation process. In Fig. 9(c), the proposed
method with the auxiliary estimator shows the best performance
in view of the magnitude of errors and the response time. The
position and speed errors are reduced by more than 60% and the
response time is also decreased to 50%. Pole-placement for
estimators is set as same with the lower speed case in Fig. 7-8.

C. Abrupt load torque disturbance (20 p.u. /s) during speed
control mode

In these experiments, robustness is tested under the speed
control mode. In experiments, abrupt load torque, 7, is

oad >
rapidly applied from 0.3 p.u. to 0.7 p.u., and back to 0.3 p.u.
again with the rate of 20 p.u. / s. Operating speed is regulated
by the test motor as 500 r/min and 2000 r/min in sequence.

Firstly, variation of 7, is shown in Fig. 11 together with

the estimated speeds by each method. As shown in Fig. 11, in
case of the conventional method, it can be noted that it yields to
the external disturbance and fails to maintain the speed.
Therefore, the errors only for the proposed methods are
presented in Fig. 10. In Fig. 10, it can be noted that while the
maximum speed error of the first transient in Fig. 10(a) is 110
rad/s, the error in Fig. 10(b) is 50 rad/s, which is only 45% of
the first case. Similarly, in the second transient, the speed error
of the latter is just a half of the former even if the response is
little oscillatory. Moreover, their maximum position error is
also reduced. Resulting maximum error is 30° in Fig. 10(a).
However, it can be seen from Fig. 10(b) that the maximum
value has been reduced to 15°.

Speed control performance of the proposed method using
auxiliary estimator is also superior to other methods. As shown
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Fig. 10. Position and Speed error in load torque variation (0.3 < 0.7 p.u.).
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Fig. 11. Estimated speeds by each method in load torque variation (500 r/min).

in Fig. 11, ‘proposed 2° shows the more robust response and
faster reference tracking ability. In 500 r/min experiments, pole-
placement for estimators is set as p, = —20Hz, @, =4Hz, { =0.7

and o, =7Hz, {,  =18.

n,aux

Fig. 12 and Fig. 13 show speed control performances when
the reference speed is 2000 r/min. In this case, the difference of
the performance is clearer than 500 r/min condition since the
high-frequency noise components can be filtered out by rotating
inertia. In Fig. 12 (a), while the resulting position error reach
20° by the conventional method, it is less than 5° in proposed
methods. Also, in Fig. 12(c) and Fig. 13, similar with the
previous results in Fig. 10, resulting speed error in the proposed
method using auxiliary estimator has been reduced by 50%
from other methods with the reduced oscillatory components.
In 2000 r/min experiments, pole-placement is set as
p, =-20Hz, @, =6Hz, {=0.7 and @,,, =10Hz, £, =16.

n,aux

From the experimental results, it can be concluded that the
robustness of the sensorless control has been much enhanced
and current and speed control performances also have been
improved by the proposed methods.

V. CONCLUSION

In this paper, new estimation methods for the position and
speed errors and compatible position and speed estimators were
proposed. In the proposed methods, the speed error as well as
the position error was extracted by segregating the actual speed
term in voltage equation into the estimated and error terms.
Also, the position and speed estimator using the estimated
errors has been proposed and proper gain setting method was
also guided. In this way, the position error can be nullified even
in the transient by disturbance torque. Additionally, the
auxiliary speed estimator was proposed for higher robustness of
the estimated speed. All proposed methods were verified by
experiments and experimental results showed the effectiveness
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(c) Proposed method with auxiliary speed estimator

Fig. 12. Position and Speed error in load torque variation (0.3 < 0.7 p.u.).
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Fig. 13. Estimated speeds by each method in load torque variation (2000 r/min).

of the proposed methods under severe speed and load torque
transient conditions. With the proposed methods, position error
has been conspicuously reduced by 60% at speed transient and
by 70% at load torque transient in high speed region.
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