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In this paper, a DC voltage pulse injection based method is proposed to detect the initial position and rotor polarity of permanent
magnet synchronous motor (PMSM). The rotor angle vibration is expressed analytically as a function of the injected pulse. The
nonlinear numerical simulation model of PMSM is employed, in which the saturation saliency is incorporated as well as the structural
saliency. The proposed scheme is simulated and verified by using the nonlinear model and a two-dimensional finite element method
(FEM) algorithm, respectively. The initial position detection is tested at different starting positions and the results show that the
proposed scheme can be used to identify the PMSM initial rotor position.

Index Terms— Finite element magnetic field analysis, initial rotor position, nonlinear magnetic model, permanent magnet (PM)

machine.

I. INTRODUCTION

THE PERMANENT magnet synchronous machines (PMSMs)
have found wide applications. However, a rotor position
sensor is often required in a PMSM drive system, which will
not only increase the system cost, but also perhaps more
importantly reduce the system reliability [1]. Even for some
instinctive sensorless drive methods such as the direct torque
control (DTC), the initial rotor position detection is
unavoidable [2].

A number of signal injection techniques for position
sensorless and initial rotor position detection have been
proposed based on tracking the rotor magnetic saliency [3].
The saturation saliency of PMSM has to be utilized for
identifying the rotor polarity of PMSM. However, the
saturation saliency is not incorporated in the traditional linear
machine model. A nonlinear numerical PMSM model has
been developed in [4], in which both the structural and the
saturation saliencies are incorporated. The simulation and
verification of the proposed sensorless drive schemes could be
carried out instead of using the experimental trial and error
method.

In [5], a DC pulse injection method was proposed and
implemented, but the rotor vibration during the signal
injection was not discussed. A numerical simulation was
carried out by Yan et al. in [6]. However, the rotor position is
fixed during the injection and the nonlinear model reported is
only based on 5.5 A current offset, which is not enough to
analyze the current response in the stator windings.

In this paper, an initial rotor position detection method is
proposed based on DC pulse injection. The rotor angle
vibration is expressed as a response function of the injected
signal. A series of DC voltage pulses are injected into the
stator windings to determine the rotor initial position. To
minimize the rotor vibration, the rotor axis position is detected
firstly by injecting low magnitude pulses. Two high magnitude

voltage pulses are then injected to detect the rotor polarity
based on the saturation effect. The nonlinear machine model
and a two-dimensional (2D) finite element method (FEM)
algorithm are applied to verify and simulate the proposed
scheme. The initial rotor position detection performance is
evaluated at different initial rotor angles. The results show that
the proposed scheme is suitable for SPMSM initial position
and magnet polarity detection.

II. NONLINEAR MODEL OF SPMSM WITH SALIENCIES

In an SPMSM, the observable total flux linkage A; inside
the air-gap is contributed by both the stator currents and the
permanent magnets on the rotor and it is the link between the
stator and rotor magnetic fields. The three-phase flux linkages
Aane are defined as the projection of A, on the stator reference
frame. The voltage equation of the stator windings can be
written as

Vabe = Rslape + %ﬂ’abc 1)
where Vg, i @nd Rg are the phase voltages, currents and
winding resistance in the stator reference frame, respectively.

In a nonlinear model, the magnetic saturation should be
considered and the inductances are expressed as incremental
inductances, which vary against the stator current. Then a
composite function can be used to express the flux linkage as

ﬂ'a = f(iabcve) 2

where @ is the rotor position angle.
The following differential equations can be obtained
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nonlinear inductance matrix which is also a composite function
of the stator currents and rotor position.

A nonlinear model of PMSM is built up incorporating the
saturation saliency, based on which a MATLAB/SIMULINK
model is carried out to simulate the PMSM drive schemes [4].

I11. INITIAL ROTOR POSITION DETECTION

A. Rotor Vibration Limitation

Most of the reported initial rotor position detection methods
are bhased on electrical excitation and the injected signal
should be carefully chosen in order to keep the rotor
stationary.

In the proposed pulse injection method, a series of DC
voltage pulses are injected into the stator winding to identify
the rotor position. Once the pulses are applied to detect the
rotor initial position, the resultant rotor speed is small enough
so that the friction could be neglected. On the other hand, the
angle vibrating limitation calculated under the zero friction
assumption could easily satisfy the real system, where the
unavoidable friction will further limit the rotor movement.
Then the rotor mechanical angle can be solved as
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where ¢ is the electrical angle between the rotor d-axis and the
injected voltage vector, Vi, is magnitude of the injected

voltage pulse, and J is the mechanical inertia.

For any initial rotor position, the maximum rotor angle
vibration under the DC injected voltage pulse can be
expressed as
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where 4t is the injected pulse width.

B. DC Pulse Injection

One positive unit of the injection pulses is shown in Fig. 1.
A positive voltage pulse is firstly applied and the increasing
phase current response is shown in Fig. 1. Then a negative
pulse is injected right after the positive pulse to bring down
the phase current back to zero and prevent the rotor from
moving. The peak current value will be recorded, which is
inversely proportional to the phase inductance. In the negative

pulse unit, a negative DC pulse will be applied and a negative
peak current value will be recorded.
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Fig. 1. Example of injected DC voltage pulses and excited phase current.

In order to limit the rotor vibration, the injected voltage
pulses are chosen based on (5) and the pulse width is set as
0.0004 s. When a low voltage pulse, 50 V, is injected, the
rotor movement is +0.08 electrical degree. When a high
voltage pulse, 300 V, is injected, the rotor movement is +0.5
electrical degree. Fig. 2 shows the maximum rotor vibrating
angle under different voltage pulses injection.
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Fig. 2. Maximum rotor movement under voltage pulses, A7 =0.0004s.

The modeled machine, which has six poles, can be
calculated from Fig. 2 that the maximum rotor vibrating angle
of 300 V pulse injection is smaller than 0.2 mechanical
degrees. This value is acceptable for the numerical simulation
to assume the rotor is kept at standstill. As discussed above,
this angle value will be further reduced in the real time
experiment, where the shaft friction does exist.

As mentioned above, the recorded peak current value is
inversely proportional to the phase self-inductance, which is a
periodical function of the rotor angle. In Fig. 3, the rotor initial
position is set at different values and DC pluses are injected.
The recorded peak current values against the initial rotor angle
are shown in Fig. 3, where the injected voltage pulse is set to
50 V and 300 V, respectively.

As shown in Fig. 3 (a), the peak current values of N- and S-
pole are nearly equal under low voltage pulses excitation.
When the injected voltage magnitude is increased to a higher
value, which will induce a larger current in the stator phase,
the stator core will be saturated more and the peak current
value difference between N- or S-pole will increase to a higher



level as shown in Fig. 3 (b). This current difference is
collected to identify the rotor polarity. Fig. 4 shows the peak
current difference when the N- or S-pole aligns with the
under-injection stator phase. It can be found out that the
relationship between the injected voltage magnitude and the
current difference is not linear because of the nonlinear
inductance model.
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C. Initial Rotor Position Detection

There are two steps to obtain the rotor position. Low and
medium magnitude pulses are injected firstly to estimate the
rotor axis position and then higher magnitude pulses are used
to identify the rotor polarity.

For an unknown rotor position, a positive and a negative
pulse unit are applied to stator phase, A, B, C, respectively.
The response peak current values are marked as la+, la, I+, 5.
, lc+ and I, where A, B, C represent the three stator phases
and +/- represent the injected positive or negative voltage
pulse. The peak current values collected at different rotor
angles can be approximately expressed as balanced three-
phase sinusoidal waves, as shown in Fig. 3 (a). In order to

minimize the rotor movement, the low voltage pulses are
applied firstly. The two largest current peak values in one
phase, under positive and negative excitations, are used to
determine the rotor axis position. As shown in Fig. 5, one
electrical cycle is divided into six sectors and each sector can
be addressed by tracking the maximum current peak value.
For example, when the rotor d-axis is in sector 1 or 4, the
recorded phase B peak current values, Iz and Ig. will have
larger magnitude. Then, the other two phases current peak
values, Ia+, 1o, Ic+ and Ic. are picked up to calculate the angle
offset inside the sector. Additionally, a set of medium
magnitude voltage pulses is applied to phase A and C to
minimize the calculation error of the offset angle. Therefore,
the rotor axis position could be obtained in sector 1 and 4.
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Fig. 6. Rotor position estimation procedure.

Then high magnitude positive and negative voltage pulses
are then applied to phase B, which is close to the rotor d-axis.
The peak current difference under the positive and negative



pulses will be observable to detect the rotor polarity as shown
in Fig. 5. After obtaining the rotor N pole sector number, the
initial rotor angle can be determined as shown in Fig. 6. In this
procedure, the high voltage pulses are only injected to the
phase close to the d-axis so that the rotor vibration is
minimized.

D. FEM based calculation

In order to verify the proposed nonlinear model, the 2D
FEM is applied to numerically calculate the magnetic field of
the machine. Fig. 7 shows the magnetic field distribution,
where the DC voltage pulse is injected in stator phase A.

Fig. 7. Magnetic field distribution when voltage pulse is added in phase A.
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Fig. 8. Injected DC voltage pulse and calculated phase current.

Fig. 8 shows the injected positive unit of voltage pulses and
the calculated phase current. It can be found that the calculated
current responses coincide with the estimated values as in Fig.
1. The errors shown in Fig. 8 mainly come from the stator
skewed slots.

IV. SIMULATION PERFORMANCE

The proposed method is applied to the nonlinear machine
model in SIMULINK. The initial rotor position is set to
several values and simulation is conducted. Fig. 9 shows the
rotor angle detection results at different rotor positions. It can
be found out that the estimated initial rotor angle is close to
the real rotor position and the error of the estimation is limited
within £7 electrical degrees, or +2.3 mechanical degrees.
When the rotor position is away from the sector center, the
error becomes bigger, because the three-phase peak current
response is not exactly a second-order sinusoid of rotor

position. At the same time, the rotor vibration is further
reduced to +£0.3%, which is smaller than that in Fig. 2, because
only the low and medium voltage pulses are injected to all the
three phases and the high voltage pulses are injected only
around d-axis so that the generated instantaneous torque is
small.
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Fig. 9. Estimated initial rotor position.

V. CONCLUSION

In this paper, a DC pulse injection based method is
proposed to detect the initial rotor position of PMSM. The
rotor vibration analysis is carried out based on DC pulse
injection, which is an effective initial rotor position detection
scheme. The rotor maximum vibrating angle is expressed as a
function of the width and magnitude of the injected pulse. The
injected voltage signal is then specified to try to keep the rotor
at standstill. Based on the injected DC pulses and the
comprehensive  nonlinear machine  model, numerical
simulation of the current response is carried out, in which the
saturation saliency is detected and utilized to identify the rotor
polarity. At the same time, an FEM algorithm is carried out to
numerically calculate the magnetic field of the machine and
verify the proposed scheme. The simulation and calculation
are taken at several different initial rotor positions and the
results show that the estimation error is small, showing that
the proposed method can be applied to detect the initial rotor
position and magnet polarity.
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