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Abstract—In this paper, I/f control strategy combined with
slide mode observer (SMO) are applied to calibrate the zero-
position offset between permanent magnet synchronous motor
(PMSM) and its rotor position sensor (RPS) for electric power
steering (EPS) system. The I/f control strategy can ensure the
motor operates in a medium speed smoothly with full torque
capacity; while the SMO offers a reliable estimation of the rotor
position of the motor itself. As a result, the offset between motor
and its RPS can be acquired. In addition, the time delay caused
by process time and sampling period of the digital controller has
also been analyzed. According to experiment result, it can be
figured out that the proposed method can accurately align the
zero-position offset angle whether the motor operates on-load or
off-load, which is critical for EPS production line.

Index Terms—Zero-position offset calibration, permanent
magnet synchronous motor (PMSM), rotor position sensor (RPS),
electric power steering (EPS).

I. INTRODUCTION

The permanent magnet synchronous motor (PMSM) has
become one of the most popular choices for electric power
steering (EPS) system due to its superiorities in vibration,
noise, and efficiency [1]–[5]. The PMSM is usually considered
as an actuator of EPS system, which regulates the torque on
the steering column, following some predefined torque-angle
characteristic curve [4], [6], [7]. Therefore, the field oriented
control (FOC) algorithm can be adopted to regulate the torque
of the PMSM by controlling the d-q axis current directly
[8]–[10]. It is noted that the rotor position of the motor is
one of the most important factors in realization of FOC. A
reliable information of the rotor position can ensure the motor
operating in maximum torque per ampere (MTPA) region
within the rated speed [11]. As a result, the high-precision
rotor position sensors (RPS), such as Magneto-Resistive (MR)
sensor and resolver, have been widely used to acquire more
accurate rotor position [4], [12], [13]. However, there is an
inevitable zero-position offset angle (∆θ illustrated in Fig. 1)
existing between PMSM and its RPS.

∆θ = θRPS − θRotor (1)

Where, θRotor is the rotor position of the PMSM and θRPS
represents the output angle of the RPS. In [9], the authors
claim that an apparent torque decrease will be caused once
the offset angle exceeds 12◦. In some applications, such offset

can be maintained in a reasonable range with assistance of a
specialized fixture. But it also requires further calibration to
maintain an acceptable control performance. Obviously, it is
a feasible way to compensate the offset effectively based on
well designed algorithm instead of special developed fixture
and reduce the cost in industry applications.

Fig. 1. Zero-position offset between PMSM and its RPS.

In recent years, several calibration methods were proposed
to align the position sensor offset between PMSM and its RPS
[10], [11], [14]–[16]. Although the methods can effectively
compensate the offset, they are still not suitable for applying in
EPS production line due to several reasons (will be explained
in Section II). Fig. 2 shows two types of EPS control unit at the
end of line (EOL). The type I is considered as a control unit
integrated with the motor and electronic control unit (ECU),
and the motor in this case is off-load; while the type II is
considered as a sub-system integrated with motor, ECU, and
steering column together, and the motor in this situation is
viewed as on-load. It is obvious that the calibration method
for EPS production line should be effective whether the motor
is on-load or off-load.

In this paper, a calibration method combined with I/f control
strategy and slide mode observer (SMO) is proposed to align
the zero-position offset between PMSM and its RPS for EPS
production line. For one thing, the I/f control strategy can
ensure the motor operates in a medium speed smoothly with
full load capacity; for another, the SMO offers a reliable
estimation of the rotor position of the motor itself. As a result,
the offset between motor and RPS can be aligned whenever
the motor is on-load or off-load.



(a) (b)

Fig. 2. Two types of EPS control unit at the end of line (EOL), (a)
Type I: integrated motor and ECU, (b) Type II: integrated motor,
ECU, and steering column.

The rest of this paper is organized as follows. Section II
gives a brief review of the existing calibration methods. The
calibration method combined with I/f control strategy and
SMO is elaborated in Section III, and experiment verification
is carried out in Section IV. Finally, the conclusion and future
works are summarized in Section V.

II. REVIEW OF EXISTING POSITION SENSOR OFFSET
CALIBRATION METHODS OF PMSM

Method 1: A simple method for zero-position offset align-
ment is realized based on six fundamental space voltage
vectors shown in Fig. 3 [11]. The ECU can generate the
fundamental voltage vectors periodically and lock the rotor
located at a certain position, which is demonstrated in Table.I.
Then, the zero-position offset can be easily acquired based on
the relationship described in Table. I. However, this method is
only suitable for off-load calibration. Once the motor operates
on-load, variations in align current, initial position, and load
torque will impact steady-state value of the calibrated offset
angle significantly, which causes unreliable result [11]. In
addition, the method will also cause a large current surge
during starting-stage of the motor, which largely increases
current stress of the inverter.

Fig. 3. Fundamental space voltage vectors in motor drives.

Method 2: High-frequency (HF) signal injection method
was also well demonstrated in [11]. Fig. 4 illustrates rela-
tionships between virtual (d′-q′) and real (d-q) synchronous
rotation references of the motor. Assuming that:{

u′d = uin · cos (ωin · t)
u′q = 0

(2)

TABLE I. Relationship between space voltage vector and electrical-
angle of the motor

Sector Number I II III IV V VI

Vectors U100 U110 U010 U011 U001 U101

Angle 0◦ 60◦ 120◦ 180◦ 240◦ 300◦

in which, u′d and u′q represent the voltage applied on the virtual
synchronous rotation reference, uin and ωin can be considered
as the amplitude and frequency of the injected HF signal.
Then, the following expressions can be acquired according
to the principle elaborated in [11], [17].

Fig. 4. Relationships between virtual (d′-q′) and real (d-q) syn-
chronous rotation references.
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Where, i′d and i′q are the measured current on the virtual syn-
chronous rotation reference, L=(Ld+Lq)/2, ∆L=(Lq-Ld)/2,
and θ̃ =θRotor-θi. The simulation result of the HF injection
method is given in Fig. 5. The zero-crossing point of i′q means
that θRotor=kπ/2+θi, where k=0, ±1, ±2, and ±3. Thus, the
offset angle can be obtained as ∆θ=θRPS-(kπ/2+θi). It is
noted that the HF injection method can effectively compensate
the offset for the motor with higher salient rate (ρ≥1.5).
However, it shows a reduced accuracy for the surface-mounted
PMSM or the motor with lower salient rate. In addition,
extraction of θ̃ based on Equ. (4) is rather complicated because
it contains various digital filter design.

Method 3: Calibration method based on dynamo test setup
has been proposed in [10], [14], [15]. During calibration
process, the dynamo test setup offers a constant rotation
speed in a medium range. Then, according to the principles
elaborated in [10], [14], [15], the zero-position offset between
motor and RPS can be acquired effectively. However, the
external dynamo test setup increases the complexity and the
cost of the EPS production line. In order to remove the dynamo
system in calibration, an off-load method is proposed and
verified in [16]. However, it seems less effective when the
motor is on-load, such as the situation II illustrated in Fig. 2
(b).
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Fig. 5. Simulated waveforms of i′q based on HF signal injection
method , (a) Lq=Ld, (b) Lq=1.25Ld, (c) Lq=1.5Ld, (d) Lq=2Ld.

III. CALIBRATION METHOD BASED ON I/F CONTROL
STRATEGY AND SLIDE MODE OBSERVER

A. I/f Control Strategy of PMSM

I/f control can be considered as a speed open-loop and
current closed-loop strategy [18], [19], and is suitable for
starting the PMSM with full torque capacity in a medium
speed smoothly without causing a large current surge. Fig.
6 shows the scheme of the I/f control strategy of the PMSM.
Compared with FOC, the rotor position angle of the motor
is replaced by synchronous rotating angle (θi), which is
determined by integration of the reference frequency (p·ωi).
Fig. 7 illustrates the relationship between the rotor reference
(d-q) and the synchronous rotating reference (d′-q′) of the
PMSM with I/f control strategy. Thus, the generated torque

Fig. 6. Scheme of the I/f control strategy of PMSM.

of the PMSM (Ld=Lq=L) can be obtained as:

Te = 1.5pϕmis · sin (δ) (5)

where, ϕm is the permanent magnet flux-linkage, is is the
current of q′ axis, p is pole pairs of the motor, and δ is the
load angle. By analyzing Fig. 7 and Equ. (5), the characteristic

Fig. 7. Rotor reference (d-q) frame and synchronous rotating refer-
ence (d′-q′) frame of the PMSM.

of the I/f control strategy can be acquired (see Fig. 8). It
should be noted that the δ should be always kept in the ranges
of 0◦≤δ< 90◦ when ωi≥0 and −90◦<δ≤0◦ when ωi<0 for
stable operation [19].

Fig. 8. Characteristic of the I/f control strategy when ωi≥0.

In this case, p = 4, ϕm = 0.00655 Wb. The load torque (TL)
of the motor is considered as 0.5 N.m, and the torque ripple
is no more than 10%. Since Te usually approximates to 1.5TL
during start acceleration stage of the motor, δ varies between
39.5◦ and 72.7◦ when is is set as 20 A in the whole control
process, which can ensure the PMSM operating stably in the
I/f control mode with sufficient margin.

B. SMO for Rotor Position Estimation

With the merits of simple structure, strong robustness, and
good dynamic performance, SMO is widely used for back-
EMF estimation of the PMSM with medium and high rotation
speed. According to the principles elaborated in [20], [21],
the estimated current and back-EMF in α-β reference of the
motor (Ld=Lq=L) can be acquired as:[
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îβ (k)

]
+

[
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Fig. 9. Scheme of SMO for rotor position estimation of PMSM.

where, iα and iβ are actual current in α-β reference, uα
and uβ are actual voltage in α-β reference, îα and îβ are
estimated current in α-β reference, Êα and Êβ are estimated
back-EMF in α-β reference, h is slide mode gain, Rs and Ts
represent resistance of the motor and sampling period of the
digital controller. The (k + 1) and (k) indicate the obtained
values in the current and the last sampling period.

The scheme of the SMO is shown in Fig. 9. It is noted that
the estimated back-EMF contains substantial chattering and
harmonics due to the discontinuous characteristic of the SMO.
As a result, a low pass filter (LPF) is required. In addition,
normalization of the back-EMF is also required to improve
the accuracy of the extracted rotor position based on phase
lock loop (PLL). On the other hand, the phase delay of the
extracted rotor position caused by LPF should also be properly
compensated.

C. Time Delay Compensation
In order to acquire reliable offset angle, the time delay

caused by process time and sampling period of the digi-
tal controller should also be considered. Usually, the motor
operates in a medium speed (75 rad/s in this case) can
eliminate influence of the dead-time zone of the inverter during
calibration. However, the impacts of the time delay become
obvious with the increased rotation speed. Fig. 10 illustrates
the zero-position offset angle with the influence of the time
delay. In this condition, the phase delay angle (α) can be
expressed as:

α = ωr · p · Ts (8)

Thus, the following relationships can be obtained as:{
θ+RPS = ∆θ − α ωr ≥ 0
θ−RPS = ∆θ + α ωr < 0

(9)

in which, θ+RPS and θ−RPS represent the output angle
obtained from the RPS with the ECU when ωr≥0 and ωr<0,
respectively. As a result, the zero-position offset between the
PMSM and its RPS can be acquired as:

∆θ =
θ+RPS + θ−RPS

2
(10)

Fig. 10. Zero-position offset between PMSM and its RPS with
consideration of time delay caused by sampling period of the digital
controller.

IV. EXPERIMENT VERIFICATION

The test bench of the proposed position sensor offset
calibration method is given in Fig. 11. It is noted that the on-
load test is implemented with the motor fixed on the steering
column, and the off-load test is carried out by connecting
the motor with ECU through copper wires. A 12-V battery
offers the power supply for the whole control unit. The ECU
is communicated with the host computer through CAN bus.
Additionally, ωr and is are set as ±75 rad/s and 20 A,
respectively.

Fig. 11. Test bench of position sensor offset calibration for EPS.



Figs. 12 and 13 present the test results of the motor operates
in off-load and on-load conditions (ωr = +75 rad/s and is =
20 A ). It can be found that the estimated normalized back-
EMF is rather stable, and the observed α-β axis current based
on SMO is also in good agreement with the measured one,
which indicates that the estimated rotor position is in sufficient
accuracy.

(a) (b)

Fig. 12. Test results of the motor operates in off-load condition (ωr
= +75 rad/s and is = 20 A ), (a) Estimated back-EMF in normalized
value, (b) Measured and estimated α-β axis current.

(a) (b)

Fig. 13. Test results of the motor operates in on-load condition (ωr
= +75 rad/s and is = 20 A ), (a) Estimated back-EMF in normalized
value, (b) Measured and estimated α-β axis current.

Figs. 14 and 15 give the measured and estimated rotor
position when the motor operates in off-load and on-load
conditions. Then, the position sensor offset angle can be
acquired accordingly (see Fig. 16). As ωr = 75 rad/s, p =
4, and Ts = 150 µs in this case, the phase delay angle (α)
can be calculated as 2.58◦ based on Equ. (8). However, it is
not in accordance with the results shown in Table II, which
may be attributed to the steady-state error caused by SMO and
deserves special attention in the future study.

TABLE II. Mean value of offset angle and phase delay angle

Motor Condition ∆θ+RPS ∆θ−RPS α

Off-load 137.01◦ 130.01◦ -3.5◦

On-load 135.52◦ 131.55◦ -2.0◦

With the time delay compensation demonstrated in Equ.
(10), the zero-position offset between the PMSM and its

(a) (b)

Fig. 14. Measured and estimated rotor position when motor operates
in off-load condition (ωr = ±75 rad/s and is = 20 A ), (a) ωr = +75
rad/s, (b) ωr = -75 rad/s.

(a) (b)

Fig. 15. Measured and estimated rotor position when motor operates
in on-load condition (ωr = ±75 rad/s and is = 20 A ), (a) ωr = +75
rad/s, (b) ωr = -75 rad/s.

RPS can be obtained (see Fig. 17). The mean value of the
zero-position offset calibrated with different methods is also
summarized in Table. III. Although there are some deviations
existing between different calibration methods (the maximum
deviation value is around 4.1◦), it can also be considered that
the proposed method is able to effectively calibrate the offset
angle in both on-load and off-load conditions. In addition, it is
interesting to observed that the deviation between on-load and
off-load calibration is only 0.03◦ with the proposed method,
which further verifies its effectiveness.

(a) (b)

Fig. 16. Position sensor offset angle when motor operates in off-load
and on-load conditions (ωr = ±75 rad/s and is = 20 A ), (a) Off-load,
(b) On-load.



TABLE III. Mean value of the offset angle calibrated with different methods

Calibration Method Method 1 [11] Method 3 [10] Proposed
in this paper

Proposed
in this paper

Motor Condition Off-Load Speed Load
(80 rad/s) Off-Load Torque Load

(0.5 N.m)
∆θ (Mean Value) 136.80◦ 137.64◦ 133.51◦ 133.54◦

Fig. 17. Zero-position offset angle between PMSM and its RPS.

V. CONCLUSION AND FUTURE WORKS

In this paper, I/f control strategy combined with SMO are
applied to calibrate zero-position offset between PMSM and its
RPS for EPS system. The experiment results indicate that there
is a slight deviation (0.03◦) existing between the aligned offset
angle when motor is on-load and off-load with the proposed
method. The maximum deviation is about 4.1◦ compared with
the other calibration methods, which may be attributed to the
steady-state error cause by SMO. Although such deviation
existing, it can also be considered that the proposed method is
able to effectively calibrate zero-position offset angle whether
the motor is on-load or off-load. Moreover, the method is
easily carried out without any extra test equipment, such as
specialized fixture and dynamo test setup. Thus, it is suitable
for applying in EPS production line. In the future study, an
improved SMO should be considered to further enhance the
accuracy and reliability of the calibration method.
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