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Abstract

This paper presents a method for transitioning between sensorless rotor position estimation methods for an interior permanent
magnet synchronous motor (IPMSM). Through the proposed method, rotor position estimation over the entire speed range
of the IPMSM is possible. Considering that each sensorless method governs a different speed range for estimating rotor
position and speed with good accuracy, a strategy for transitioning between two methods is indispensable. In this study, a
sensorless method based on extended back electromotive force (EMF) is used for high-speed operation. In addition, during
low-speed operation, rotor position is estimated using the slope of measured current through the application of a zero-voltage
vector. A weight function is applied to the position and speed information obtained from the two sensorless methods. The
combined information is then used throughout the speed range of the IPMSM. To achieve smooth transitions, the weight
function is altered based on the rotor speed in the transition region. The effectiveness of the proposed transition method was

demonstrated via simulations and experiments.

Keywords Interior permanent magnet synchronous motor - Sensorless control - Extended electromotive force - Zero-

voltage vector - Transition method

1 Introduction

Interior permanent magnet synchronous motors (IPMSMs)
feature a permanent magnet inside a rotor, which enables
high efficiency and prevents losses during flux generation.
Owing to their fast response and high torque density rela-
tive to their weight, IPMSMs have been widely employed
in high-performance motor drives that require instantane-
ous torque control [1-8]. Instantaneous torque control in
IPMSMs can be achieved using field-oriented control. How-
ever, this approach also requires information such as rotor
position and speed. To obtain this information, convention-
ally, a position sensor, such as an encoder or a resolver, is
mounted on the shaft of the motor. However, the use of such
sensors requires additional expenses, space, and continuous
maintenance of the system. Thus, several rotor position and
speed estimation methods have been proposed to address
these issues [9-12].
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During medium-speed and high-speed operations of an
IPMSM, an estimation method based on the extended back
electromotive force (EMF) is typically used [13—16]. This
sensorless method, which is based on the extended EMF,
involves a simple estimation procedure and fewer calcu-
lations. However, at low speeds, the estimation accuracy
afforded by this method decreases, since the EMF of the
motor reduces proportionally to the speed of the rotor.

Various sensorless methods have been suggested to
overcome this limitation of methods based on the extended
EMF in low speed ranges. Among these, methods based on
high-frequency signal injection are commonly used [17,
18]. In these methods, a high-frequency signal is injected
into the output of the current controller. Then, position and
speed information is estimated by processing the signal of
the high-frequency component generated by the motor [19,
20]. This method achieves a higher estimation performance
in low speed ranges, when compared to methods based
on the extended EMF. However, the injection of high-fre-
quency components causes ripples in the output current,
which results in ripples in the output torque of the motor.
The ripples in the output torque cause additional noise and
high-frequency loss during operation [21]. To overcome this
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limitation, methods based on the zero-voltage vector were
proposed in [22-24]. These methods estimate the position
and speed information of the rotor under the application of
a zero-voltage vector. During the application of this vector,
the slope of the stator current is employed to calculate the
rotor position.

This paper proposes a strategy for transitioning between
two different sensorless methods. Sensorless control
schemes based on an extended EMF and a zero-voltage vec-
tor are used for the operation of an IPMSM over its entire
speed range. In low speed ranges, a method based on zero-
voltage vectors is employed to estimate the rotor position.
On the other hand, during medium-speed and high-speed
operation, the rotor position is calculated using a method
based on an extended EMF. A weight function is applied to
the information estimated via each of the sensorless methods
to ensure a smooth transition. To demonstrate the effective-
ness of the proposed method, simulation and experiments
have been conducted.

2 Sensorless control methods for IPMSMs
2.1 Basic modeling of an IPMSM

Figure 1 shows a space vector diagram of an IPMSM. The
a—f axes, according to the stationary reference frame, are
fixed to the stator. The d—g axes form the synchronous refer-
ence frame, which is synchronized with the rotor position 6,.
The d axis corresponds to the north pole of the permanent
magnet. The y—¢ frame, synchronized with the estimated
rotor position, is the synchronous reference frame estimated
using the extended EMF method. It has a position error
of Oy and Oy, relative to the d—g and the a—f axes,
respectively.

Fig.1 Space vector diagram of an IPMSM
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On rotating the reference frame of the d—q axes, the volt-
age equation of an IPMSM is described as:

[vd]_[RS+pLd -o,L, ][id]+[ 0 ] |
v oL; R;+pL, ||, ,$r M

where L, and L, are the inductances along the rotating d—g
axes, , is the rotor speed, and qbf is the flux linkage. p and
R, represent the differential operator and the resistance of the
stator, v, and v, are the stator input voltages along the rotat-
ing d—q axes, and i, and i, are the stator currents along the
rotating d—q axes. By transforming Eq. (1) from the rotating
frame to the stationary frame, the voltage equation for the
a—p} axes can be expressed as:

Vo | _ | Ry +p(L; +L,cos20,) pL, sin 26, iy
ve| pL, sin 20, R, +p(Ly —Lycos20,) || i,
—siné,
oy [ cos 0, ]
@

where v, and v are the voltages and i, and i, are the cur-
rents along the a—f axes. In addition, L, =(L,+L,) / 2, and
Ly=(L—L)/2.

2.2 Extended EMF method

The method based on an extended EMF calculates the rotor
position and speed considering the direct proportionality
between the EMF and the rotor speed. This method involves
a simple procedure and fewer calculations, when compared
to other estimation methods.

Assuming that the difference between L, and L, is suf-
ficiently small, Eq. (1) can be described as:

[vd] [Rs+qu —w,L, Hid] [ 0 ]
= <+
vy oL; R;+pL,||i, CEEMF 3)

€EEMF = w,[(Ld - Lq)id + d’f] - (Ld - Lq)piq

where egg),r is an extended EMF represented on the d—q
axes.

When transforming Eq. (3) from the rotating reference
d—q frame to the estimated a—f frame, the voltage equation
on the y—0 frame is expressed as:

vl R,+pL; —olL, i 4|
Vs oL, R;,+pL;||[is es
e —sinf i R —i
[ y]zeEEMF[ ~EEMF][-y]"'(C‘)EEMF_C‘)r)[1'5]
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where e, and e; denote the extended EMFs represented
on the y—6 axes, @ggy,r is the estimated speed using the
extended EMF method, and w,. is the speed of the rotor. The
extended EMFs, e, and e, are estimated by a least order
observer. Assuming that the error between the estimated
speed, @ppyr»> and the actual speed, w,, is sufficiently small,
the correlation between the estimated extended EMF and the
position error of the y—3 axes, Oy, can be described as:

_ —sin BEEMF ~ _ -1 e}’

[ ;] = eEEMF[ c08 Bgpygp ]7 Oppyr = tan <_g>- (%)

The value of @, obtained from Eq. (5), is used to
estimate the rotor position using the position-speed esti-
mator. A proportional-integral (PI) controller is used to
obtain the estimated speed, @,. Then, by integrating this
estimated value, the position of @, is obtained. The
estimated speed, @ggy,r, used for the actual control of the
IPMSM is obtained by applying a low-pass filter to @,.

Figure 2 depicts a block diagram of the position and speed
estimation algorithm based on an extended EMF.

D

2.3 Zero-voltage vector method

A sensorless method based on a zero-voltage vector meas-
ures the slope of the stator current when the zero-voltage
vector is applied to the stator. Under this condition, the
implied voltage to the stator is null. Therefore, Eq. (2),
with the voltage equation on the stationary reference
frame, can be rewritten as:

i | —siné,
ML.p[iﬂ] ks [ ﬂ] d)fco,[ cos 6, ]

6
_ | 2L, sin26, 2L,sin26, || i, ©
@r 2L, cos26, 2L, cos?20,

Where the inductance matrix, M, is represented in terms of
the inductance and rotor position as:

Opprg

Low-pass || 1
filter s

EEMF
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Position and
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Fig.2 Block diagram of a position and speed estimation algorithm
based on an extended EMF

L, +L,cos20,
L, sin20,

L,sin20,
M. = L, —L,cos26, )

By multiplying the inverse matrix of M, on both side of
Eq. (6), the equation can be rewritten as:

iy _ ——{2L,L,sin20, — R (L, — L, c0s20,)i, }
— sin26, — —L,cos
dt LdL 2 2 r)la
2L,
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Lqu
¢ a)r
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q
di 2L
i (R sin20, — L,w, cos 20, —2L2w) }
dr LdL
—LdLL —R,(L, + L, c0s20,) + 2L, L,w,sin26,i,}
¢ a)r
—L 7 cos 0,
q
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Where 9Z is the estimated position calculated using the
zero-voltage vector method. Multiply sin 9Z with the terms
reflected on the a axis, and multiply cos 9Z with the terms
reflected on the f axis. Then, the subtraction of these two
equations yields:

di, . , di

—sinf, — — 0099

dt Codt

= —{2L1L2cos(29r - éz)ia — R (L1 sin 9Z + L, cos (29r - 97))1',,
L,L, -
+R,(L, cos 9Z + L, sin (20, - 92))1'13 +2L,L,o,sin (26, — éz)iﬂ

it cos (0, - 0.).

+2L3w, (i, cos O +iysind.)} +
q
®
Assuming that the position error of the estimated d — § axes
is sufficiently small, according to the Taylor expansion, the
following approximation is validated.

cos (6, +28.) = cos b, — %(292)2 +0(0%) = cosf

sin (0. +20,) =sinf, +26_+ 0(f.) = sind,

where , is the position error between the actual position 6,
and the estimated position 0,.

By applying the approximation of Eq. (10), Eq. (9) is
rewritten as:
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di, . dip . A oA
L\ —sind, - —=cos. ) = R(ijcosf, —i,sind.)

+2L, (i, cosf_ +iysind.)w, (an
+¢,m,.

The second term on the right side can be approximately
regarded as the current along the d axis, and the actual speed
in the equation, @,, can be replaced by the estimated speed,
which is the derivative term of the estimated rotor position.
Therefore, Eq. (11) can be simplified as:

o, L di N di N
t_ 1 ﬁ.,.ﬁia sinf, — —ﬂ+£iﬂ cosf, ».
dr & dt L Z dt L ¢

q q
12)

Using Eq. (12), the estimated speed can be calculated,
and the estimated position can be calculated by integrating
the estimated speed. Figure 3 shows a block diagram of the
position and speed estimation algorithm based on the zero-
voltage vector.

3 Proposed transition method

A sensorless control method based on an extended EMF,
owing to its simple calculation, is commonly used for the
high-speed operation of IPMSMs. However, during low-
speed operation, the EMF of the motor decreases with the
speed. Therefore, the estimation accuracy of this method
decreases. Similarly, a method based on a zero-voltage vec-
tor, which enables less audible noise than the high-frequency
injection method, suffers from decreased estimation accu-
racy during the high-speed operation of IPMSMs, where
the application time for the zero-voltage vector is reduced.

As stated previously, estimation methods based on an
extended EMF and a zero-voltage vector have different
rated regions. Considering this, in the proposed scheme,

L—>(I.)_.

— 0.

p

Fig.3 Block diagram of a position and speed estimation algorithm
based on a zero-voltage vector
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methods based on an extended EMF and a zero-voltage
vector are used to complement each other. Thus, a strategy
for the sensorless operation of IPMSMs over their entire
speed range is presented.

To realize sensorless control over the entire speed range
of an IPMSM, several methods for transitioning between
two different rotor position estimation strategies have been
proposed. Among these, a typical approach is to select a
transition point based on the rotor position errors of the
two sensorless schemes [25-27]. However, position errors
can differ depending on variations in the parameters of the
motor and the load. As a result, the transition region also
varies. To address this, a weight function is proposed to
ensure smooth transitions between the sensorless control
methods. In previous transition schemes, a weight function
was applied to either the position information or the speed
information [28, 29]. However, when a transition occurs at
a constant speed, the estimation accuracy decreases owing
to the accumulation of position errors from both of the
sensorless methods, due to the estimated speed applied
in the transition region. Therefore, in the proposed transi-
tion strategy, the weight function is applied to the posi-
tion information and the speed information from each of
the sensorless methods. The combined position and speed
information is then used to determine the transition region.

In the proposed strategy for transitioning between two
sensorless control methods, the rotor position is calcu-
lated using each of the sensorless methods. Figure 4 shows
the weight function for of the each sensorless methods
depending on the rotor speed, where f (n) and 1-f (n) are
the weight functions of methods based on an extended
EMF and a zero-voltage vector, respectively. The weight
function is applied to the position and speed information,
which is represented as:

Transition
region

>
Speed (n)

Fig.4 Weight function for each of the sensorless methods according
to rotor speed
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0, =0, x {1 —f(n)} + Ogpyr X f(0)

13
&y = &, X {1 = ()} + doggpgr X f () (13

where §, and @&, are the position and speed over the entire
speed range of the motor, which are estimated by a combina-
tion of the sensorless methods. In Eq. (13), the weight func-
tion is applied to the position and speed information from
each of the methods to obtain the estimated position and
speed of the transition range. When the rotor speed increases
from low to high speeds, the weight function of the extended
EMF method f{n) has values of 0 and 1 before and after
the transition region, respectively. Furthermore, the weight
function of the zero-voltage vector method is represented by
subtracting f{n) from 1. Therefore, during low-speed opera-
tion, the IPMSM is controlled by information calculated
using the zero-voltage vector method. For transitioning to
the second sensorless method during medium-speed opera-
tion, the transition region is determined based on speed.

To simplify the implementation and to prevent rapid fluc-
tuations of the information used in the control, the value of
the weight function is changed into a linear form with a con-
stant slope within the transition region. When the rotor speed
increases, the weight function of the extended EMF method
increases linearly until it reaches the value of 1. Therefore,
at the end of the transition region, the IPMSM is controlled
by the method based on the extended EMF.

The point at which the transition of the control scheme
begins to change is determined by considering the number
of consecutive zero-voltage vectors applied. Figure 5 shows
the minimum requirements for employing the method based
on the zero-voltage vector. In the sensorless method based
on the zero-voltage vector, the slope of the stator current
can be calculated when at least two consecutive zero-voltage
vectors are applied. This implies that the amount of time the

A The zero voltage
vector applied time

« >

——pie—>!
117 T.

e - - - - - -

Fig. 5 Minimum condition for operating a zero-voltage vector method

zero-voltage vector is applied to the motor should be greater
than twice the control period, T;. As stated previously, the
amount of time the zero-voltage vector is applied decreases
when the speed of the IPMSM increases. The transition
region should not include the range where the zero-voltage
vector is applied less than two consecutive times. This point
can vary according to the specifications of the sensor, the
micro control unit, and the motor.

Figure 6 shows a block diagram of the application of the
weight function, and displays the process of calculating the
position and speed information.

Figure 7 presents a block diagram of the rotor position
estimation method over the entire speed range of an IPMSM,
i.e., the proposed transition strategy. The rotor position is
calculated using each of the sensorless methods for the entire
speed range. The estimated position used for the speed con-
trol of the IPMSM is obtained from sensorless algorithms
based on the weight function.

4 Simulation results

The proposed transition strategy was verified using a simula-
tion model. Table 1 lists the parameters of the IPMSM used
in this simulation.

Figure 8 shows simulation results of rotor position esti-
mation during low-speed operation. It also depicts the esti-
mated position and speed calculated using the method based
on the extended EMF and that based on the zero-voltage

7
LY RO
. . —-Jn
Estimation > :
¢ 0.b
2) +
(}ug.m
EEMF £(5)
Estimation |— '
DOppyr
Fig.6 Block diagram of the application of a weight function
Speed | ‘4 | Current | Y - ( d ) V SVPWM
Controller Controller ’ Inverter
f ie |
A l l 0” \MF
(}lf\l} I -
EEMF | s | (é N
= Estimation| BEME: )
Transition| @, matior (IPMS‘“
A | o. ; \__/
0 L | Method 3 7VV ,:/{’ ]-(,})
= Estimation|
) ] o
0:

Fig.7 Block diagram of the proposed transition method

@ Springer



698

H.-W. Lee et al.

Table 1 IPMSM parameters

Parameters Value Unit
Rated power 11 kW
Rated speed 1750 rpm
Stator resistance (R,) 0.349 Q
d-axis inductance (L) 13.17 mH
g-axis inductance (Lq) 15.60 mH
Permanent magnet flux (¢f) 0.554 Wb
Number of poles (P) 6 -
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Fig.8 Simulation results of rotor position estimation during low-
speed operation: a extended EMF method; b zero-voltage vector
method

vector. The IPMSM is controlled by information obtained
by sensor when the sensorless methods calculate the posi-
tion of the rotor. The speed of the IPMSM was increased
starting from O rpm. Figure 8a indicates the estimation per-
formance of the method based on the extended EMF. When
the EMF during low-speed operation is significantly weak,
the estimation accuracy of this method is low. On the other
hand, as shown in Fig. 8b, the zero-voltage vector method
can precisely estimate the position and speed, owing to the
high ratio of the zero-voltage vector applied to the IPMSM.

Figure 9 shows simulation results of the rotor position
estimation during high-speed operation. Similar to Fig. 8,
the rotor position and speed calculated via each of the sen-
sorless methods are compared to the results obtained by
the sensor. Figure 9a indicates the estimation accuracy of
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Fig.9 Simulation results of rotor position estimation during high-
speed operation: a extended EMF method; b zero-voltage vector
method
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Fig. 10 Simulation results of the proposed transition method

the method based on the extended EMF during high-speed
operation, where the speed is increased from 500 rpm. When
the rotor speed and EMF are sufficiently high, the estima-
tion performance of the method remains stable. However, as
shown in Fig. 9b, the performance of the method based on
the zero-voltage vector decreases during high-speed opera-
tion, since the length of time the vector is applied decreases
as the rotor speed increases.

Figure 10 shows simulation results of the proposed transi-
tion method. The speed of the IPMSM was changed from
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200 to 600 rpm, under a 15% rated load torque. The estima-
tion method was changed between 350 and 450 rpm. The
weight function of the method based on the extended EMF
increased from O to 1 when the speed of the rotor increased
through the transition region. Simultaneously, the weight
function of the method based on the zero-voltage vec-
tor was reduced from 1 to O during this transition range.
Thus, through a transition between the control methods, the
IPMSM could be operated from the low speed to medium
speed ranges.

Figure 11 shows simulation results of the proposed posi-
tion estimation strategy over the entire speed range. A torque
load of 10 Nm was applied, which is 15% of the rated torque.
The rotor speed was varied from 0 to 1700 rpm in order to
verify the effectiveness of the proposed method in all speed
ranges.

5 Experimental results

The validity and performance of the proposed transition
method for the sensorless operation of an [IPMSM have been
experimentally investigated. Figure 12 shows the experimen-
tal setup, which is composed of a two-level inverter, a con-
trol board, and an IPMSM with the load. A TMS320F28335
micro control unit was used in the control board, and the
parameters of the IPMSM were the same as those used for
the simulation.

Figure 13 shows the flag of the zero-voltage vector condi-
tion. This flag has a value of 1 if the zero-voltage vector is
applied; otherwise, its value is 0. It is evident that the zero-
voltage vector is applied three consecutive times at 450 rpm,
and only once at 600 rpm. In this study, the transition region
was set as 350-450 rpm, considering the number of times
the zero-voltage vector is consecutively applied. Although

.(rad) 6. (rad

1500 | ©.(tpm) &, (rpm)

1000

500 //
0

0s | 1=f(m)

o |- /
o b () o:

1 2 3 4 5
Time (s)

Fig. 11 Simulation results of the proposed position estimation strat-
egy over the entire speed range

PWM Board

Fig. 12 Experimental setup

the rotor position can be calculated until the zero-voltage
vector is consecutively applied twice, the transition region
was limited to three consecutive applications of the vector to
ensure the accuracy of the estimated information.

Figure 14 shows experimental results of the rotor posi-
tion estimation depending on the speed of the IPMSM.
Through current control of the IPMSM, the reference cur-
rent of the ¢ axis was fixed at 5 A. The actual position of
the rotor, which is used for current control, is measured
using an encoder. Figure 14a shows the estimation per-
formance of each of the sensorless methods with respect

e e
3T, 3T,
_(@s0mpm) | I I S NSO (N I I
T, I
> -~
(6001pm) [ ]
- -
T,=100 us 200 s

Fig. 13 Flag of the zero-voltage vector condition
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Fig. 14 Experimental results of rotor position estimation depending
on the speed of the IPMSM: a 90 rpm; b 600 rpm

to the actual value. The speed of the rotor was fixed at
90 rpm, where the estimation performance of the method
based on the extended EMF was unstable due to a weak
EMF. On the other hand, due to the sufficient application
of a zero-voltage vector, the position estimation perfor-
mance of the method based on the zero-voltage vector
remained stable.

Figure 14b shows experimental results for the case of
medium-speed operation. The speed of the rotor was fixed
at 600 rpm. In this figure, the reduced performance of the
method based on the zero-voltage vector can be observed.
However, the accuracy of the method based on the extended
EMF increased, when compared to that during low-speed
operation, due to the stronger EMF component.

Figure 15 shows experimental results of the proposed
transition method. In this case, the motor speed was var-
ied from 200 to 600 rpm, under the application of 15%
of the rated load torque. The transition region was set as
350-450 rpm. In the transition region, the weight function
of the extended EMF method, f (n), increased linearly from
0 to 1. By combining the sensorless methods, the control
schemes can be smoothly changed. The zero-voltage and
extended EMF methods were used for speed control before
and after the transition region, respectively. Through the
proposed transition method, the IPMSM can be operated in
both the low and medium speed ranges.
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Fig. 15 Experimental results of the proposed transition method

Figure 16 shows experimental results of the proposed
position estimation strategy over the entire speed range.
The speed was changed from O to 1700 rpm to demonstrate
the applicability of the proposed method over the entire
speed range of the IPMSM, under the application of 15%
of the rated load torque.

6 Conclusion

This paper proposes a method for transitioning between
two sensorless rotor position estimation methods. Through
the proposed method, rotor position estimation over the
entire speed range of an IPMSM can be achieved. For posi-
tion estimation, methods based on the extended EMF and
the zero-voltage vector were employed. The estimation
method based on the zero-voltage vector was adopted dur-
ing low-speed operation, while the method based on the
extended EMF was adopted during high-speed operation.
In the proposed transition method, a weight function was
applied to the calculated information (i.e., the position
and speed of the rotor) in order to ensure smooth transi-
tions between the two methods. The validity of the pro-
posed transition method was verified via simulations and
experiments.

6. (10 rad’dw)\ e e
/N
VAL
S
Vit

6. (10 rad/div)

7

) (1 V/idiv)”"

Lo 2s
T 10 A/div)

V)

| @, (850 rpny

Fig. 16 Experimental results of the proposed position estimation
method over the entire speed range
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