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High Precision Sensorless Control of Rotor
Mechanical Position based on Cross Correction of
Dual Air Gap Information

Yukun Lin, Ronggang Ni, Senior Member, IEEE, Shengming Yang, and Qingwen Deng

Abstract—Position sensors are indispensable in robotic joint
servo systems for acquiring mechanical positions, yet their
installation inevitably occupies an axial space and increases
system complexity, limiting their applicability in compact robot
design where spatial constraints and integration efficiency are
critical. Sensorless control reduces mechanical and circuit
complexity through hardware simplification, but inherently
estimates only the electrical instead of mechanical rotor position
information, thus remaining constrained in robot joint control
applications. Based on the previously proposed dual-gap dual-
pole composite machine (DDCM), this paper systematically
analyzes the causes of mechanical position estimation errors and
proposes a correction method that utilizes a correction
coefficient to reduce these errors and enhance estimation
accuracy. Furthermore, this paper derives the applicability
constraints of the proposed scheme, demonstrating that its
requirements for electrical angle position errors are not
stringent, thus enabling wide applicability in conventional
sensorless control scenarios. The effectiveness of the proposed
method is verified by conducting experiments on a 0.75 kW
prototype.

Index Terms—Dual-gap dual-pole composite machine
(DDCM), Electrical angle position errors, Mechanical position
estimation errors, Sensorless control.

I. INTRODUCTION

N recent years, high-end equipment has been developing

rapidly with the continuous upgrading of the manufacturing
industry, where position servo drive is commonly a basic
requirement [1]-[3]. The mechanical rotor position (also
known as absolute rotor position) of electric machines is
typically measured by dedicated sensors such as encoders
(incremental or absolute) and resolvers [4]-[5]. Incremental
encoders solely measure relative rotor positions, necessitating
an additional reference signal for absolute rotor position
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determination, and lose absolute position information upon
power-off [6]-[7]. Absolute encoders can detect the rotor’s
absolute position immediately upon system power-up;
however, they present higher implementation costs and signal
transmission complexity compared to incremental encoders
[8]-[9]. By contrast, resolvers exhibit strong interference
immunity. Among these, single-pole-pair  resolvers
autonomously detect the rotor’s mechanical position upon
energization, yet their detection accuracy remains relatively
low [10].

Regardless of the selection, the installation of position
sensors inherently occupies an axial space, not only increasing
mechanical complexity but also compromising system power
density and operational reliability [11]-[12]. Such limitations
motivate the widespread utilization of sensorless techniques in
speed closed-loop control systems, owing to their cost-
effectiveness and enhanced reliability [13]-[14]. However,
due to the periodic symmetry of the motor’s magnetic circuit
structure, sensorless control for multi-pole motors can only
resolve the rotor electrical angle. As there exists a one-to-
multiple mapping between the electrical angle and mechanical
position, the rotor’s absolute mechanical position is
unobservable.

In response to the issue that sensorless control can only
estimate the rotor electrical angle, Kwon ef al. [15]-[17] have
attempted to design motors with structurally asymmetric
configurations to achieve sensorless mechanical angle
estimation. Nevertheless, this asymmetric design introduces
challenges, including increased winding inductance and back
electromotive  force (back-EMF) harmonic distortion,
necessitating further structural optimization.

Without introducing mechanical asymmetry, [18] proposes
a dual-gap dual-pole composite machine (DDCM) topology
with a dual-stator single-rotor configuration, along with
conventional sensorless techniques for mechanical position
estimation. As shown in Fig. 1, this structure can combine any
two motors with different pole-pair combinations in a variety
of topological forms, offering more options for motor design.

When conventional sensorless control techniques are
employed for position estimation in DDCM, electrical angle
errors inevitably occur. Both injection methods based on rotor
saliency detection at low speeds [19] and model-based
methods relying on back-EMF observation at high speeds [20]
inherently contain alternating current (AC) and direct current
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(DC) components in the position estimation error. For high-
frequency injection techniques, the DC component of the
error is usually difficult to eliminate due to the influence of
quadrature-axis armature reaction [21]-[22]. The sliding mode
control inherently causes the current observation error to
fluctuate near the sliding mode surface, which leads to high-
frequency vibration of the position error [23]-[24]. While AC
components can be suppressed through observer optimization,
temperature-dependent resistance variations [25] and g-axis
current-dependent inductance variations [26] during motor
operation also induce DC errors.
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errors. Section III proposes the variable dual-pole mechanical
angle deviation and performs subsequent mechanical position
error correction based on this variable, while discussing the
necessary calibration conditions to be satisfied. Section IV
carries out an experimental validation in a 0.75 kW DDCM to
verify the effectiveness of the correction method. Finally,
Section V concludes the paper.

II. MECHANICAL POSITION OBSERVATION PRINCIPLE AND
CAUSES OF POSITION ERROR

A.  Principles of Mechanical Position Observation
When the specific pole-pairs ratio is satisfied,
mechanical position of the DDCM is obtained as (1):
0, :i(mleel_m2062) (1)
where 0, is the observed mechanical position of the rotor. 6.,
6., are the electrical angles of the outer and the inner air gaps,
respectively, with their relationship given by (2):

the

1-outer stator; 2-outer winding; 3-inner stator;
4-inner winding; 5-rotor; 6-permanent magnet

Fig. 1. DDCM of different topologies. (a) Permanent magnet synchronous
motor (PMSMs) for both air gaps. (b) PMSM for the outer and reluctance
machine (RM) for the inner air gaps. (¢) RM for the outer and PMSM for the
inner air gaps. (d) RMs for both air gaps.

Despite significant advantages from its unique structure,
the DDCM introduces new challenges. The DDCM features
dual air gaps, and the mechanical rotor position is acquired
through the demodulation of signals from both air gaps. When
considering the electrical angle errors in the inner and outer
air gaps, the mechanical position estimation error is inevitably
affected by the combined influence of the electrical angle
estimation errors present in both air gaps. Analysis of
subsequent sections indicates that under extreme operating
conditions, these position errors may exceed the electrical
angle error of either air gap.

To solve this issue, this paper proposes the variable dual-
pole mechanical angle deviation for correcting the original
mechanical position solution equation. The method calibrates
mechanical position errors to inner or outer air-gap electrical
angle errors divided by respective pole-pair numbers, notably
enhancing position accuracy. It also derives the correction
method’s constraints. Comparative studies show its low
sensitivity to electrical angle deviations, enabling effective
correction even under large errors and broad applicability in
conventional sensorless control.

The paper is organized as follows. Section II introduces the
observation principle of DDCM mechanical position and
further discusses the factors affecting mechanical position
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Take positive integers m; and m;, such that (3) holds:

m py—m,p, ==+1 (3)
where p, and p, are the pole-pairs of the outer and the inner
air gaps, and they are mutually prime. The right side of the
equal sign of (3) is usually taken as a positive sign for the
sake of simplicity, although there is no essential difference
between the positive and negative signs. The combination of
p1 and p, is more important than the arrangement.
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Fig. 2. The relationship between mechanical angle, inner, and outer air gap
electrical angle and rounding.
y1 and y, are defined as the product of the number of dual
air gap pole-pairs and the mechanical angle, and then the
value is rounded to the nearest integer multiple of 2=, that is
expressed as (4):
=int[p,0, /27| A
1nt[p20 /27:] @
Taking p;=5 and p2:3 as an example, the relationship of (4)
in the complete mechanical period is shown in Fig. 2. The
blue line indicates the mechanical position, the dashed red line
indicates the electrical position of the outer air gap, and the
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solid green line indicates the electrical position of the inner air
gap.

Under sensorless operation, the estimated mechanical speed
obtained by dividing the electrical angle velocity of either air
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gap by its respective pole-pair number is fed back to the speed
loop. Following the speed loop, torque allocation is performed
between the inner and outer motors. The control block
diagram of the entire system is presented in Fig. 3.
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Fig. 3. DDCM control system block diagram.

B Causes of Mechanical Positioning Errors

Conventional sensorless control inherently incurs electrical
angle errors, while the aforementioned mechanical position
estimation method does not account for this error. When
considering the electrical angle errors in both inner and outer air
gaps, the observed mechanical position can be described as (5):

6, =m0, -m,b,
=m, (6’el +0, ) —m, (6’62 +0, )
=(m,p,—m,p,)0, + (m]éel - mzéez )
=0, + (mléel - mzéez)
where ée] and éez are the estimated electrical angles of the

outer and inner air gaps considering errors, 0, and 0., are

the observed electrical angle errors of the outer and the inner
air gaps.

Therefore, the observed mechanical position error can be
obtained as (6):

ém = ém -0, = mléel —mzéez (6)

From (6), it can be seen that the observed mechanical
position error is determined by m; and m, and the inner and
the outer air gaps’ electric angle error. According to (3), m,
and m, are determined by p; and p,. Therefore, the factors
affecting mechanical position error are divided into the
following three.

1) Pole-pair combination of outer and inner air gaps.
Taking p,=5, p,=4 and p,=5, p,=3 as an example, using the
positive value of (3), Fig. 4 shows mechanical position errors
of —8° (Point A) and —20° (Point B) under fixed electrical

angle errors (09;1 =—4°, 912 =4°). This demonstrates that

identical electrical angle errors under different pole-pair
numbers result in distinct mechanical rotor position errors.

2) Phase of electrical angle errors in the inner and outer air
gaps. As indicated in (6), the observed mechanical position
error varies with the phase difference of the electrical angle

——— e e ——

error. Taking p;=5 and p,=3 as an example, m;=2 and m,=3
are derived from (3). When both §, and @, are 4°, the
observed mechanical position error is —4° (Point C in Fig. 4).
However, when 6, is 4° and @, is —4°, the observed
mechanical position error reaches 20° (Point D in Fig. 4).
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Fig. 4. Solving mechanical position errors under the coordination of different
pole-pairs. (a) pi=5, p,=4. (b) pi=5, p»=3.
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3) m, takes different values. Taking p;=5 and p,=3 as an
example, both m;=2, my=3 and m;=1, m,=—2 satisfy
condition (3). When @, is set to 10° and 6, is set to —10°,

the calculated mechanical position errors are 50° and —10°,
respectively. This demonstrates that the selection of m values
directly impacts the magnitude of the calculated mechanical
position errors.

The analysis indicates that mechanical position errors,
influenced by multiple factors, exhibit instability in
calculation, necessitating a novel calibration method for error
reduction.

III. MECHANICAL POSITION ERROR CORRECTION

A. Dual Pole Mechanical Angle Deviation

Prior analysis indicates that the solved mechanical position
error is influenced by multiple factors. To minimize this error,
position correction is required.

The rotor mechanical angle position satisfies the ratio
relationship between the electrical angle position and the pole-
pair number; thus, it is desired to suppress the rotor
mechanical angle error to the ratio of the electrical angle
position error to the pole-pair number. The dual pole
mechanical angle deviation 6,4 is thus defined as (7):

emd :&_&
P P
_mod(p,6,,2n) mod(p,d,,2n)
P P>
. . )
_ (plam 7 275) _ (ngm V2 2“")
P P,

:(&_ﬁj.zn
b, P

It can be obtained from (7) that the value of 6,4 is related to
the number of inner and outer air gap poles and the number of
rounding y, and y,. Within the defined interval y; and y,, g
remains constant. When different pole-pair numbers are
employed, the value of 6,4 throughout the complete
mechanical cycle is depicted in Fig. 5.

When the electrical angle error is considered, the observed
value of 6,4 is described as (8):

@mzﬁi_ﬁi
b D @)
b, D b D

From (8), it can be seen that when the electrical angle error
is considered, the electrical position is shifted, and the number
of integer-rounding operations for parameters y;, and 7y,
undergoes variations.

When electrical angle errors are neglected, the rounding
counts for the outer and the inner air gaps are given by y,=
pi—1 and y,=p,—1, respectively, as depicted in Fig. 2. When

the outer air gap 6751 is ahead of the inner air gap 6, , the

e2?

outer air gap undergoes an additional integer-rounding
operation. In this case, y;=p; and y,=p,—1. When the inner air

gap éez is advanced relative to the external air gap 61] , the

outer air gap undergoes an additional integer-rounding
operation. In this case y;=p;—1, y,=p,.
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Fig. 5. The value of 6,4 in the complete mechanical period under different
pole-pair ratios. (a) p1=5, p>=3. (b) p\=5, p,=4.

Taking p;=5 and p,=3 as an example, m;=2 and m,=3 can
be obtained from (3). When taking into account the electrical
angle position error, the specific value of 8,4 is denoted as
0’ng. For convenient comparison, the phases of the electrical
angle errors in the inner and outer air gaps differ by 60°.

When écl (outer air gap) leads, 8°,;=—120° is calculated at

the end of the mechanical cycle, as shown in

Fig. 6(a); when 0,, (inner air gap) leads, 0,~72° is
calculated at the end of the mechanical cycle, as shown in Fig.
6(b).

From the above analysis, it can be seen that 8,4 and y;, y,
will be divided into a set of different discrete values in the
complete mechanical cycle with the change of mechanical
position. When the electrical angle error exists, the set
elements will increase. But each element is still different.
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Therefore, the value range of y, and y, must be in the above
set. Half of the interval value between each 6,4 is defined as

the tolerance. The observed mechanical position error can be

corrected by judging 0,4
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Fig. 6. The value of §’nq when considering electrical angle errors. (a) The

outer air gap éel leads by 60°. (b) The inner air gap éez leads by 60°.

B. Observed Mechanical Position Correction and Its Error

From the above analysis, it can be seen that the error of the
dual-pole mechanical angle deviation is given by (9):

émd = émd - Hmd = ﬂ_@ (9)
P P

For computational convenience, (3) is rectified and

transformed as (10):

m 1
1_Pl_m2 N (10)
P, P
or
m 1
m - 2P 2 (11)
b P

Equation (12) can be obtained after adding the correction
coefficient K = -m,p,0,, to the original observed mechanical
position.

1 _mzécz ) —m,p,0,.,
=m, (9] -1-61])—7112 (Qez -Hiz)

_(mzpz éel _mzéezj

=60, +—=
P
It can be seen that the corrected mechanical position error

= (mléc

mc

(12)

value is reduced to 6,/ p, .
Similarly, when the correction coefficient is set to

md

K=-mp6

A o,
Ope = O, +—% 13)
2
The corrected mechanical position error value is reduced to

0.,/ p,.

It can be observed that once &

) o 15 determined and the
correction coefficient is incorporated, the observed
mechanical positioning accuracy will be significantly
enhanced, being solely influenced by the electrical angle error
of one-side air gap, while remaining independent of both the
m value and the electrical angle error of the other air gap.
Critically, the correction method eliminates the need to
distinguish between DC and AC components within the
electrical angle observation errors, thereby providing effective
suppression of position errors even under non-ideal conditions
such as magnetic distortion or parameter variations.

Taking p;=5 and p,=3 as an example, m;=2 and m,=3 can
be obtained from (3). As shown in Figs. 5(a) and 6, the
intervals between adjacent 6,4 values are uniformly 24°. By
setting the tolerance to half of the angle interval between
adjacent 8,4 values, a bidirectional tolerance interval can be
established, enabling accurate identification of the true 64
value during operation. Thus, the tolerance can be set to 12°.

The value of @

md

can be determined by the observed 6,

and the value of 0,4 with |6, ,|<12° obtained by the above

distribution. This value is used to correct the observed
mechanical position. Specifically, for p;=5 and p,=3, the
correction condition is defined as (14):
Oa_bo
P P
The matching relationship between the inner and outer air
gap electrical angle errors is shown in Fig. 7. When the inner
and outer air gap position errors are located in the grid area in
the figure, the correction conditions can be satisfied.
In practice, the zero point of the position error of the inner
and outer air gap can be used as the origin to make a square
graph, and the allowable boundary of the electrical angle

<12° (14)
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observation error can be determined as (15):
a,|=16

el e2

(15)
Combining (14) and (15) and solving them simultaneously,
one can obtain éel =+22.5°, éez =£22.5°,

Notably, adjusting the pole-pair combination in the motor
alters the spatial distribution pattern and numerical spacing
intervals of the mechanical angle displacement 6.
Consequently, changes in the pole-pair combination
necessitate reconfiguration of the tolerance threshold, leading
to corresponding adjustments in the permissible bounds for
electrical angle estimation errors. Although the permissible
bounds depend on the pole-pair number, the fundamental
mathematical derivation underlying this method remains
invariant. Therefore, the method is applicable to motor
systems with varying pole-pair combinations.

‘(jmri| S |A0mr1/2|'i--]:pl 5,P2 3
180 T

180 LA :
80 <1200 60 -22.

Fig. 7. The error boundary of 4, ,

Existing studies demonstrate that electrical angle errors
typically remain below 10° [27]-[30], while the proposed
correction method merely requires confining the sensorless
electrical angle error within a range of 22.5°, indicating that
this condition is less stringent. The range shown in the square
of Fig. 7 can be changed to a rectangular range even if the
electrical angle error of one side exceeds 22.5°. It only needs
to meet the correction conditions within the grid range.

IV. EXPERIMENTAL VERIFICATION AND RESULT ANALYSIS

The proposed mechanical position correction method is
experimentally validated on a 0.75 kW DDCM. The
experimental platform is shown in Fig. 8. Table I presents
parameters of the DDCM.

The experimental platform acquires the rotor angle
displacement signal in real-time via the Tamagawa
TS2620N21E11 resolver, with data processed by an
AD2S1210 decoder IC featuring 16-bit absolute resolution.
This decoder supports the serial peripheral interface (SPI)
communication protocol. The system master controller
employs the TMS320F28335 digital signal processor (DSP).

The inner and the outer motor drive subsystems utilize a
galvanically isolated, independent power supply architecture.

Power Supply

~ Drive Board |1

Dual-Gap Dual-Pole
Composite Machine
: -

=

Fig. 8. Experimental platform.

TABLE [
MAIN PARAMETERS OF MOTOR
Parameters Value Parameters Value
External motor rotor
External motor rated 500 ' 0.0227

power, Pni/W

Internal motor-rated
power, Pno/W

flux linkage, w,1/Wb
Inner motor rotor flux
250 linkage, /Wb 0.0284

External motor phase

Bus voltage, Us/V 48 resistance, Ry/Q 0.0591
. Internal motor phase
Rated torque, Tn/(N-m) 2.9756 resistance, Ry/Q 0.5741
o External motor d-axis
Rated speed, ny/(r'min") 2000 inductance, Lo/mH 0.3564
Switching frequency, 5 External motor g-axis 0.6829

fJ/kHz
Number of pole-pairs of
outer motor, p;
Number of pole-pairs of
inner motor, p;

inductance, Lq/mH
Inner motor d-axis
3 inductance, Lg/mH 0.4328
Inner motor g-axis

inductance, Lo/mH 10131

The mechanical speed of the DDCM is set to be 300
r-min . In Fig. 9, 4, is the observed value of the outer air
gap electrical angle, 6., is the observed value of the inner air
gap electrical angle, ém is the observed value of the
mechanical position, 91 is the outer air gap electrical angle
error, and 962 is the inner air gap electrical angle error.

When the electrical angle error of the inner and outer air
gaps is considered, the solved mechanical position error
depends on the fit between the inner and outer air gaps. When
the fit between them is poor, the solved mechanical position
error fluctuates dramatically.

As shown in Fig. 9, the outer air gap electrical angle error
ranges from —11° to +4.6°, while the inner air gap error
ranges from —6.4° to +0.6°. The mechanical angle position
error reaches up to 24° with significant error fluctuation.
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G, (14.4 mDeg/div)
Time (100 ms/div)

Fig. 9. Electrical position error and solving mechanical position error.

As shown in Fig. 10, when the observed mechanical
position error 9~m is corrected by (12), its value is one of the
pole-pairs of the angle error of the outer air gap. Its value
before correction is —11.5° to +14.5°, but its value after
correction is —1.7° to +0.7°. The observed mechanical

position error is reduced by an order of magnitude, and the
fluctuation is greatly reduced.

_/"‘
N
6.7 (360 eDeg/div) 3.} (36D eDeg/div) 0,/(360 eDeg/div)
| |

o+

8, (14.4 mDeg/div)

|
Time (100 ms/div)

Fig. 10. The observed mechanical position error is corrected to one of the
pole-pairs of the angle error of the outer air gap.

As shown in Fig. 11, when the observed mechanical
position error ém is corrected by (13), its value is one of the
pole-pairs of the angle error of the inner air gap. Its value is
—17.7° to +10.6°, but its value after correction is —1.9° to

+0.8°. The same observed mechanical position error and
fluctuation are greatly reduced.

AT A / N / . A 1
0.7 (360 eDeg/div)  f.> (360 e:Deg/ V) 0, (360 eDeg/div)
i1 | ]

(144 dDeg/di
IWW

0,7 (14.4 eDeg/div)
|

|
I 8, (14.4 mDeg/div)
|

Time (100 ms/div)

Fig. 11. The observed mechanical position error is corrected to one of the
pole-pairs of the angle error of the inner air gap.

In order to prove that the corrected solved mechanical
position error is only affected by the electrical position error
on one side, the solved mechanical position error is observed
after artificially superimposing the electrical position error in
the inner and outer air gaps, respectively, while the motor is
running. A sinusoidal position error with a frequency of 25 Hz
and an amplitude of 5° was added to the outer air gap, and a
sinusoidal position error with a frequency of 15 Hz and an
amplitude of 5° was added to the inner air gap.

No error added Add error Correct

AV AT

g |

3

|
4,/ (28.8imDeg/div)
Time (100 ms/div)

Fig. 12. Position error is added to the outer air gap, and the mechanical
position error is calibrated to the electrical angle error of the outer air gap
divided by the corresponding number of pole-pairs.
Add error
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Fig. 13. Position error is added to the outer air gap, and the mechanical

position error is calibrated to the inner air gap electrical angle error divided
by the corresponding number of pole-pairs.
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Fig. 14. Position error is added to the inner air gap, and the mechanical
position error is calibrated to the outer air gap electrical angle error divided
by the corresponding number of pole-pairs.
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Fig. 15. Position error is added to the inner air gap, and the mechanical
position error is calibrated to the inner air gap electrical angle error divided
by the corresponding number of pole-pairs.

As shown in Figs. 12-15, when position errors are
respectively added to inner and outer air gaps, the uncorrected
observed mechanical position errors are jointly affected by the
electrical angle errors of the inner and outer air gaps. When
either side of the electrical angle error changes, it will cause a
significant fluctuation in the observed mechanical position
eITor.

As shown in Figs. 12 and 14, after the mechanical position
error is corrected to one pole-pair of the outer air-gap
electrical angle error, the error is corrected to the range of
-2.0° to +1.6° (Fig. 12) and -1.7° to +0.7° (Fig. 14).
Comparative experiments show that, after a sinusoidal
position error is introduced into the inner air gap, the
amplitude of the system’s mechanical position error corrected
via the outer air gap remains consistent with the correction
result without any error added. This verifies that the corrected
mechanical position error is solely governed by unilateral
electrical position error.

Similarly, as shown in Figs. 13 and 15, after the mechanical
position error is corrected to one pole-pair of the inner air-gap
electrical angle error, the error is corrected to the range of
-1.9° to +0.8° (Fig. 13) and —-1.9° to +2.2° (Fig. 15).
Comparative experiments show that, after a sinusoidal
position error is introduced into the outer air gap, the
amplitude of the system’s mechanical position error corrected
via the inner air gap remains consistent with the correction
result without any error added, which verifies the conclusion
that the corrected mechanical position error is determined
solely by the unilateral electrical position error.

In summary, the observed mechanical position error after
correction according to (12) and (13) is only determined by
the electrical angle error on one side and is not affected by the
electrical angle error on the other side.

V. CONCLUSION

Based on the DDCM, this paper systematically analyzes the
effects of pole-pair numbers and electrical angle errors on
mechanical position estimation errors of the motor and
proposes a novel correction method to mitigate the position
errors. This method corrects mechanical position estimation

errors to electrical angle position errors within the inner or
outer air-gap multiplied by the inverse of corresponding pole-
pair numbers, thereby rendering mechanical position
estimation errors exclusively governed by the electrical angle
error of a single air-gap. This approach resolves error
amplification issues induced by suboptimal pole-pair selection
while eliminating amplification stemming from undesirable
coupling between inner and outer air-gap errors, concurrently
suppressing both DC and AC components of mechanical
position estimation errors.

This paper presents the correction method’s applicability
constraints, demonstrating its low sensitivity to electrical
angle estimation errors. It can be deployed in conventional
sensorless controls, providing theoretical and technical
support for position estimation in high-precision servo drives
and integrated robotic systems.
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