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ABSTRACT This paper proposes a resolver offset calibration algorithm that can detect offset with high
precision just by configuring a very simple experimental environment. This use of a simple experimental
environment holds a great advantage for large-capacity permanent magnet synchronous motors (PMSMs)
that require substantial resources to configure an experimental environment, such as EV traction motors.
The proposed algorithm is designed based on the PMSM voltage equation. The algorithm is first verified for
its validity through simulation with Simulink. Subsequently, it is implemented based on the C-language and
installed on an inverter for verification experiments. The implemented algorithm is very simple and requires
little execution time and memory. The error in the calibrated offset is experimentally found to converge
within 3-bits based on 12-bits (the resolution of the commonly used RDC), and the results have very little
deviation.

INDEX TERMS Permanent magnet synchronous motor (PMSM), IPMSM, permanent magnet motor, rotor
initial position, offset angle, resolver offset.

I. INTRODUCTION
Recently, permanent magnet synchronous motors (PMSMs)
have been widely adopted in automotive applications due
to such advantages as small size, high efficiency, and easy
control. To control these motors with high performance,
techniques such as vector control are widely used [1]–[5].
To accomplish vector control of a PMSM, there are two
required conditions to produce electromagnetic torque pro-
portional to the q-axis current in the synchronously rotating
frame aligned with the rotor position. First, the correct rotor
position must be known for the park and inverse park vari-
able transformations. Second, the d-axis current in the same
rotating reference frame must be controlled to zero [6]–[7].

It is necessary to detect accurate rotor position informa-
tion for coordinate transformation to satisfy both conditions.
In general, position sensors such as encoders, MR sensors
and resolvers are mainly used to detect the rotor’s precise
position information [8]. In particular, resolvers are primarily
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used in automotive applications. When using a resolver,
the electric angle resolution is determined regardless of the
number of poles of the motor, so even a multipole motor
can minimize the electric angle error due to the initial rotor
position. However, in the position sensor described, an offset
error inevitably occurs in the rotor position information
due to imbalance caused by product characteristics such as
assembly tolerance between the motor and sensor, as shown
in Fig. 1 [9]. The position offset of permanent magnet should
be clearly identified for accurate torque control (less than 2%)
and for suitable high-speed operation in the flux weakening
region.

Inaccurate position information causes torque control
errors as speed increases, making appropriate torque con-
trol impossible and resulting in poor efficiency and noise,
vibration, and harshness (NVH) characteristics. In particular,
the EV traction motor has a maximum speed specification
equivalent to a maximum of 4 to 5 times the rated speed
due to the system’s characteristics to ensure controllabil-
ity in the high-speed range, and an exact offset setting is
required [10].
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FIGURE 1. Electric angle of PMSM during rotating and offset angle in d-q
axis coordinate system.

The conventional rotor position offset detection method
divides the problem into a load environment that requires
external driving, such as a dynamo system and a no-load
environment. First, because the position offset in the load
condition in Fig. 2(a) uses the integral term of the d-axis
current controller, a method for converging the output voltage
of the d-axis to zero and a method of driving the motor in both
directions were researched. In the case of using the d-axis
current controller integral term, there is an advantage that
it is possible to estimate the polarity of the rotor, but this
requires an external driving environment such as a dynamo
system, and there is a disadvantage in that there are errors
due to the time delay and dead time of the power device.
The control method of converging the d-axis current con-
troller’s output voltage to zero has the advantage that the
rotor position can be estimated through a simple algorithm.
Nevertheless, there is a disadvantage in that there are errors
due to the controller’s gain value and the dead time. Finally,
the bidirectional driving method has the advantage of being
able to estimate the initial position of the rotor more precisely
than other methods through a simple algorithm that considers
time delay [11], [12]. However, this method has the disad-
vantage that it requires an external infrastructure such as a
dynamo system and is not suitable for EV tractionmotor mass
production.

In the rotor’s initial position detection method in the
no-load environment of Fig. 2(b), there is a d-axis alignment
after I/F drive [13], a d-q axis current measurement after
d-axis alignment, and a high-frequency signal injection. The
d-axis alignment method after I/F drive and the d-q current
measurement method after d-axis alignment have the advan-
tage of being able to estimate the initial position of the rotor
in the no-load condition by a simple algorithm. However,
this method has inferior initial rotor offset accuracy, and the
deviation of the error is significant. The high-frequency signal
injection method also has the advantage that it is possible to
estimate the rotor position offset at standstill. In the case of
high-frequency injection, however, signal processing such as
DFT, BPF, or LPF is required to remove the high-frequency
component of the current caused by a specific high-frequency
signal to be injected. In the SPMSM or a motor with low
salient polarity, the difference in inductance is not signifi-
cant, so the high-frequency injection method’s accuracy may
decrease [14]–[18]. Moreover, when it is necessary to detect

FIGURE 2. No load test setup (a) and dynamo test setup (b) to measure
the rotor initial position offset.

the resolver offset in a no-load state, such as mass production,
the rotor may move slightly, and the precision may decrease.

In previous studies, the bidirectional drive method, which
requires an external load environment, was found to enable
the best initial rotor position estimation. However, substantial
time consumption and cost were incurred to configure the
load environment, requiring external driving. Therefore,
in this study, we propose a new rotor initial position offset
detection algorithm with high precision applied in a no-load
environment that does not require an external driving sys-
tem. In the no-load bidirectional driving method presented
in this study, errors that may occur due to dead time or
PWM time delay can be minimized and can provide precise
initial rotor position offset estimation. These points make
it easier to measure the motor’s initial position than any
other method. There is also the advantage of applicability
not only to automotive applications but also in motor mass
production.

II. NO-LOAD TWO-SPEED BIDIRECTIONAL ROTOR
INITIAL POSITION DETECTION
A. ROTOR POSITION DETECTION WITH THE DYNAMO
SYSTEM
The previous studies confirmed that the detection method
of the load environment requiring dynamo system could
accurately estimate the rotor initial position. In the bidirec-
tional driving method using the dynamo system, the dynamo
machine drives constantly the target PMSM forward and in
reverse, and the target PMSM is controlled to zero current
(the d- and q-axis currents are respectively zero). The rotor
initial offset angle is calculated by the d- and q-axis volt-
ages of the PMSM synchronous coordinate system using
Equations (1)∼(5).

In Fig. 3(a), when there is an offset angle α, the d- and
q-axis voltage equation is as shown in Equations (1) and (2)
below.

Vd = (L1 − L2 cos 2α)
did
dt
− L2 sin 2α

diq
dt
− ωmφf sinα

+id (Rs + L2ωm sin 2α)− iqωm(L1 + L2 cos 2α) (1)

Vq = (L1 + L2 cos 2α)
diq
dt
− L2 sin 2α

did
dt
+ ωmφf cosα

+iq(Rs − L2ωm sin 2α)− idωm(L1 − L2 cos 2α) (2)

where Vd ,Vq, id , iq are the synchronous rotating refer-
ence frame d-axis and q-axis voltages and currents and
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FIGURE 3. d, q voltage vector when the PMSM is driven forward and
reversely with accurate electric angle (a) and time-delay electric angle
offset (b).

Rs,L1,L2, ωm, φf are the stator resistance, inductances
(Ld = L1 − L2, Lq = L1 + L2), rotor speed and magnetic
flux, respectively.

If the d- and q-axis currents are controlled to zero, Equa-
tions (1) and (2) are expressed in Equations (3) and (4).

V+d = −ωmφf sinα (3)

V+q = ωmφf cosα (4)

However, when the motor is driven, the time delay com-
ponent β is generated in the offset angle. To consider the
time delay, the motor compensates for the voltage equation
after driving in the reverse direction at the same speed as
the forward speed, as shown in Fig. 3(b). When driving in
both directions, the final offset angle is obtained, as shown in
Equation (5).

α + β = tan−1
(
V+d − V

−

d

V+q − V
−
q

)
(5)

where V+d ,V
+
q ,V

−

d ,V
−
q are the d- and q-axis voltages oper-

ating forward and in reverse.

B. ANALYSIS OF THE TWO-SPEED BIDIRECTIONAL
METHOD UNDER NO LOAD
Bidirectional rotor position offset detection using the dynamo
system is a very accurate method, but is very expensive,
takes a long time and is inconvenient in mass production.
Therefore, a no-load environmental method that does not
require dynamo system is needed.

The method must be able to detect the accurate rotor initial
position when the PMSM is self-driven at speed control.

The q-axis current for constant speed control generates the
voltage drop and dead time effect associated with insulated
gate bipolar transistors (IGBTs), resulting in poor accuracy
in the initial position detection.

To eliminate the dead time effect and the switching device
voltage drop, this paper adopts the voltage difference method
between the speed ωm2 and speed ωm1 when the PMSM is
self-driven under no load.

In this case, the synchronous rotating reference frame
d- and q-axis voltage vectors are expressed as shown in Fig. 4.

With the initial position of the rotor set to α′ found by the
d-axis alignment method after the I/F drive, only the q-axis
current that controls the speed of the target motor is applied.
The voltage equation can be summarized as Equations (6) and
(7) as follows:

Vd = −ωmφf sinα
′′

− iqωm(L1 + L2 cos 2α
′′

) (6)

Vq = ωmφf cosα
′′

+ iq(Rs − L2ωm sin 2α
′′

) (7)

where α
′′

is the offset correction angle to be obtained by the
bidirectional driven method.

When the PMSM is driven in the forward direction at speed
ω+m , the voltage equation can be written as the following
Equations (8) and (9) considering the switching device volt-
age drop and the dead time effect voltage.

V+d = −ω
+
mφf sinα

′′

− i+q ω
+
m (L1 + L2 cos 2α

′′

)

+VCE
d + V

DT
d (8)

V+q = ω
+
mφf sinα

′′

+ i+q (Rs + L2ω
+
m sin 2α

′′

)

+VCE
q + V

DT
q (9)

where VCE
d ,VCE

q ,VDT
d ,VDT

q are the d- and q-axis voltage
drops by the switching device (IGBT), representing the dead
time effect voltage. When the PMSM is driven reversely
at speed ω−m , the voltage equations of synchronous rotating
frame can bewritten as the following Equations (10) and (11).

V−d = −ω
−
mφf sinα

′′

− i−q ω
−
m (L1 + L2 cos 2α

′′

)

−VCE
d − V

DT
d (10)

V−q = ω
−
mφf sinα

′′

+ i−q (Rs + L2ω
−
m sin 2α

′′

)

−VCE
q − V

DT
q (11)

Since it is a no-load environment and the speed fluctuation
1ωm(ωm2 − ωm1) is small, 1iq of the q-axis current is

negligible even if the speed increases.
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FIGURE 4. d, q voltage vector of two speeds during the two-speed
bidirectional method.

Therefore, it is assumed that the dead time voltage and
voltage drop (VCE

d ,VCE
q ) associated with the switching

device (IGBT) are the same regardless of the speed.
The d- and q-axis voltage equations under the two-speed

bidirectional method is summarized are as shown in Equa-
tions (12), (13), (14), and (15).

1V+d = V+ωm2d − V+ωm1d = −1ω+mφf sinα
′′

−1i+q 1ω
+
m (L1 + L2 cos 2α

′′

) (12)

1V+q = V+ωm2q − V+ωm1q = 1ω+mφf cosα
′′

+1i+q (Rs − L21ω
+
m sin 2α

′′

) (13)

1V−d = −1ω
−
mφf sinα

′′

−1i−q 1ω
−
m

(L1 + L2 cos 2α
′′

) (14)

1V−q = 1ω
−
mφf cosα

′′

+1i−q

(Rs − L21ω−m sin 2α
′′

) (15)

The difference between the forward q-axis voltage and
reverse q-axis voltage (1V+d − 1V−d ,1V

+
q − 1V−q ) is

calculated as Equations (16) and (17), assuming 1ω+m =
−1ω−m ,1i

+
q = −1i

−
q ,

1V+d −1V
−

d = −21ωφf sinα
′′

(16)

1V+q −1V
−
q = 21ωφf cosα

′′

+ 21iqRs (17)

1V+q −1V
−
q = 21ωφf cosα

′′

(17-1)

1iq is negligible because it is very small at no load, so the
voltage equation (Equation (17)) can be rewritten as Equa-
tions (17-1). Therefore, the offset correction angle α

′′

to be
found by the two-speed bidirectional driven method is as
shown in Equation (18) and Fig. 5.

α
′′

= tan−1
(
1V+d −1V

−

d

1V+q −1V
−
q

)
(18)

FIGURE 5. Two-speed voltage difference during no-load two-speed
bidirectional drive offset angle.

C. ENHANCED ROTOR POSITION OFFSET DETECTION
USING THE PMSM DRIVER ONLY
In this study, a speed bidirectional method is proposed
for the rotor initial position under no load as shown in
Figs. 4 and 5.

The PMSM driver executes to find the rotor initial position
at the no-load condition in the mass production. The target
PMSM, which needs to find the rotor initial position, should
be self-driven at the constant speed control with the PMSM
driver. The voltage drop component and dead time effect
of motor driver can be eliminated by increasing the target
motor speed at regular intervals. First, to execute the speed
control of the target PMSM, it is necessary to obtain the
approximate initial rotor offset angle by driving the PMSM
I/F and aligning the rotor to the d-axis, as shown in the flow
chart on the left side of Figure 6.

To align the rotor to the d-axis, first, the electric angle (θ)
that is used in vector control is set to 0, and then the current
is applied to the d-axis.

If the current applied to the d-axis is not large enough, the
rotor cannot be appropriately aligned to the d-axis. In con-
trast, if the current is too large, the electric angle is restricted
to 0, so direct current flows undesirably in the system. In this
study, a current that corresponds to approximately 50–70% of
the motor’s rated current is applied. With current applied to
the d-axis, an electric angle with a frequency of 10 Hz is then
created and driven by I/F. When driving at a deficient speed
up to 0.5 Hzwhile lowering the frequency, the electrical angle
(θ ) is constrained toward a value of 0 again with 0 < θ < 2π

5 .
At this time, the electric angle read from the position sensor is
selected as an offset angle for the target motor speed control.
Second, speed control must be performed on the target motor
for a no-load bidirectional drive. The speed at which the
target motor is controlled has to do with voltage accuracy
and minimum current drive. In this study, voltage accuracy
is crucial because the initial rotation angle is estimated using
the d- and q-axis voltages.
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FIGURE 6. No-load, two speed, bidirectional drive method flow chart.

FIGURE 7. No-load, two speed, bidirectional drive method simulation.

Depending on the target motor, the speed control range
is set at approximately 1/4 of the voltage utilization ratio.
In addition, the less current is applied, the better the accuracy,
so the measurement was performed at a low speed.

At speeds that are less than 1/4 of the voltage utilization
ratio, the speed control performance is degraded, and the
voltage accuracy is lowered due to instability in the voltage
output. Because the target motor controls the speed, the q-axis
current component is created. The voltage drop and dead time
effect of the switching device due to the q-axis current occurs.
To remove the collector emitter voltage drop associated with
IGBTs and the dead time effect, the speed of the target motor
is increased at a constant interval 1ωm(ωm2 − ωm1), and
1V+d ,1V

+
q can be obtained by measuring the d and q-axis

voltages at each time. 1ωm(ωm2 − ωm1) was determined in
consideration of the voltage loss. In Equation (17), the larger
the velocity interval, the larger 1iq becomes, so the voltage
drop component also grows. In this study, the above speed
interval was selected as the maximum value to limit the
voltage drop to less than 2% of the rated voltage. When

driving in the reverse direction, 1V−d ,1V
−
q can be obtained

in the same way.
Simulations were conducted using MATLAB Simulink to

verify the no-load bidirectional driving algorithm presented
in Fig. 7. In this study, simulations were conducted by select-
ing an 8 kW class integrated starter and generator (ISG),
which are essential for eco-friendly cars. The specifications
of the motor are shown in Tables 1 and 2. The speed control
range was conducted at approximately 500–700 rpm, which
is 1/4 of the motor’s maximum voltage utilization rate. The
simulation changed the offset of the position sensor from
−5.5◦ to +5.5◦ to verify that the actual electric angle offset
angle was estimated using the algorithm suggested in this
study whenever the electric angle offset changed. In addition,
in Equation (18), the components of1V+q −1V

−
q and1V+d −

1V−d are shown in the stationary axes of the coordinate sys-
tem. It was confirmed that 1iq in Equation (17), which was
generated by the application of this algorithm, is negligible
and very small. As a result of the simulation, it was confirmed
that the electric angle offset was estimated within ±0.2◦.
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TABLE 1. Specification of the 8 kW ISG and 100 kW traction motor (Ioniq
Hybrid system of Hyundai Motors Co).

TABLE 2. Dimensions of 8 Kw ISG.

FIGURE 8. Experimental setup with dynamo system.

The most significant advantage of this method is that the
electric angle offset can be obtained most accurately by the
methods for detecting the rotor’s initial position in a no-load
environment. Moreover, the algorithm is much simpler than
the high-frequency signal injection method.

III. EXPERIMENTAL RESULTS OF THE TWO-SPEED
BIDIRECTIONAL ROTOR INITIAL POSITION DETECTION
A. EXPERIMENTAL SETUP
In this section, the existing rotor initial position detection
methods and the two speeds bidirectional driven method are
compared. We constructed a dynamo system with an 8 kW
ISG for the hybrid system of Hyundai Motors Co. and a
100 kW traction motor (load motor of the dynamo system),
as shown in Fig. 8. Both motors use a resolver as a position
sensor and are universally applied to eco-friendly vehicles.

The ISG and traction motor are interior-type PMSMs. The
specifications of the PMSM are shown in Table 1 and Table 2.
Fig. 9 shows the magnetic flux density distribution of the ISG
motor.

Before the experiment, the two-speed bidirectional posi-
tion detection method assumes that the q-axis current

FIGURE 9. Flux density distribution of 8 Kw ISG at load condition.

magnitude fluctuation according to the speed is negligible.
When the motor is driven under no load, back EMF E is gen-
erated by the rotor magnetic flux andmotor speed. At the time
of speed control at 1ω intervals, the change in the counter
electromotive force by 1ω causes the current change by 1i.
Since it is in a no-load state, a change in the back EMF by1ω
requires a minimal amount of current by 1i, as shown in the
phasor diagram of Fig. 10. We confirmed experimentally that
the difference in the q-axis currents (1I+q = I+ωm2q − I+ωm1q )
is small during speed control at no load, as shown in Fig.10.
When the ISG motor is driven to a constant speed by the
dynamo system, the synchronous rotating frame voltageVq of
the ISG controller according to speed is monitored, as shown
in Fig. 11 (digital-to-analog output of the MCU).

B. COMPARISON OF THE EXPERIMENTAL RESULTS
In the test, a 14-bit resolution resolver to a digital converter
is used, and position detection is performed every 100 µs.
The rotor position is precisely tuned by EMF measurements
and the pure d-axis measuring method using the dynamo
system. In the pure d-axis measuring method, the dynamo
load system is driven under speed control mode, and the
target 8 kW ISG motor is driven under current control mode
(Iq = 0, Id = rated d-axis current). Then, we can manually
tune the accurate rotor position offset that generates the zero
torque output. When the 100 kW traction PMSM is tested,
the 8 kW ISG motor is driven under speed control mode as
the dynamo system.

Several rotor initial position estimation algorithms are
performed repeatedly (10 times) for the 8 kW ISG
motor and 100 kW traction motor. Test results are shown
in Figs. 12 and 13. Fig. 14 shows the mean error and standard
deviation.

The experiments confirm that the bidirectional driven
method (at the load condition with the dynamo system) pro-
vides higher precision than the two-speed bidirectional driven
method (among the alternate algorithms tested), with an aver-
age electric angle error of 0.166◦ for the 8 kW ISG motor
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FIGURE 10. Comparison of q-axis current at no load (500 and 550 rpm) and phasor diagram.

FIGURE 11. Vq voltage with the no-load, bidirectional method according
to speed.

FIGURE 12. Comparison of rotor position estimation results (8 kW ISG
Motor).

and an average electric angle error of 0.041◦ for the 100kW
traction motor. However, as indicated by the experimental
results, the rotor’s initial position can be estimated within
0.3 deg of the mean error. A resolver with a 4095 pulse
resolution used in the experiment can be estimated within
three pulses (approximately 0.264 deg). It can be seen that
it has sufficient accuracy to be applied to actual motor mass
production.

In the 100 Kw traction motor, the high-frequency injection
method has an error of 1.569◦. The two-speed bidirectional

FIGURE 13. Comparison of rotor position estimation results (100 Kw
traction motor).

FIGURE 14. Test results of several methods (8kW ISG motor).

method under the no-load condition can detect more than
70%more accurately than the high-frequency signal injection
method. Therefore, it was verified that the proposed algo-
rithm has sufficient accuracy to be applied in the motor mass
production process, as shown in Fig. 12–Fig. 15.
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FIGURE 15. Experimental results of several methods for no-load
condition (100 Kw traction Motor).

TABLE 3. No-load bidirectional rotor position detection according to the
current sensor resolution.

TABLE 4. No-load two-speed bidirectional rotor position detection
according to the speed.

Furthermore, we compared the variation in the current
control accuracy according to the current sensor resolution
(which can affect the estimation accuracy) and the variation
according to the test speed. A comparison was made between
the use of a current sensor that detects up to 400 A and 50 A.
The test results are shown in Table 3, confirming that the
accuracy of current control according to the current sensor
does not significantly affect the accuracy of the algorithm.

Next, the speed control effect was divided into four
ranges—100–300 rpm, 300–500 rpm, 500–700 rpm, and
700–900 rpm, as shown in Table 4, and repeated ten times
to compare the application of the no-load, two-speed, bidi-
rectional driven method. It can be verified that there is little
difference in accuracy with varying test speed. Therefore,
it can be confirmed that the no-load two-speed bidirectional
driven algorithm presented in this study is robust against the
current control accuracy and test speed of the target motor.

IV. CONCLUSION
In this study, first, we compared and analyzed the existing
rotor initial position detection methods, proposed a simple
and accurate rotor initial position detection algorithm, and

verified this algorithm by experiments. The proposed method
to detect the rotor initial position under a no-load environment
is based on the bidirectional driven method, which has the
highest accuracy at the forced driven environment using the
dynamo system.

Two motors with different specifications were tested to
verify the initial rotor position estimation algorithm proposed
in this study. The high-frequency signal injection method,
which is the most accurate method of detecting the initial
position of the rotor in the existing no-load environment, had
an average error of approximately 1◦.
However, note that the frequency and current amplitude of

the signal injection method must be selected according to the
PMSM characteristics, such as saliency. On the other hand,
the proposed no-load two-speed bidirectional driven method
had average error within 0.3◦, with low standard deviation.
It was confirmed that the performance was very good com-
pared to that of the existing method. The proposed no-load,
two-speed, bidirectional driven method has the advantage
that it is simple, requires no additional test equipment, and
offers a very powerful capability for mass production. Finally,
the initial position of the rotor can be estimated with only
current control and speed control by the PMSM driver itself.
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