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Abstract— The accuracy of rotor position estimation in the
conventional signal injection based sensorless control of
permanent magnet brushless AC drives depends on the load
current. This paper proposes an improved method, which
significantly reduces the estimation error by accounting for the
cross-coupling effect between the d- and q-axes. The
conventional and proposed methods are described and their
performance is compared by both simulation and experiment.

I. INTRODUCTION

For permanent magnet (PM) brushless AC (BLAC) drives,
its accurate rotor position is required in order to provide
3-phase current references for torque control. It is usually
obtained directly from an encoder or a resolver, which is
mechanically fixed on the motor shaft. However, the rotor
position sensor not only increases the hardware and
maintenance cost, as well as the system complexity, but also
reduces the reliability of the system. It is desirable to estimate
the rotor position indirectly from the voltage and current of
the BLAC motor.

Many back-EMF-based rotor position estimation methods
have been developed for PM BLAC motors [1] [2] [3]. In all
of these methods, the rotor position is estimated from the
voltage equation, and their differences are the rotor position
and speed estimation methods, such as flux-linkage observer,
fuzzy logic, EKF, etc. The back-EMF-based rotor position
estimation method can precisely predict the actual rotor
position if accurate stator inductances and resistances are
known. However, since the back-EMF is proportional to the
rotor speed, it is very small at low speed and does not exist at
zero speed. Therefore, the back-EMF-based sensorless
methods cannot start the motor and may fail at low speeds.

Signal injection based sensorless method is developed to
estimate the rotor position at low speed or zero speed for
machines which exhibit rotor magnetic saliency. The injected
signal is usually of high frequency, and the rotor position is
estimated from the high frequency voltage equation. Three
types of injected signals, i.e., sinusoidal carrier, PWM, and
INFORM pulse, are reported in literature [4]-[12].

To avoid mtroducing extra injected harmonic current, the
PWM signals which are inherent in the inverter output are
considered to be the injected signal in [4] [5]. As the
fundamental frequency of PWM voltage signal is very high
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(several kHz), and its amplitude cannot be changed as it is
determined by the DC-link voltage and the PWM duty cycle,
the amplitude of high frequency current will be too small for
the motor having a large stator inductance. Thus, the PWM
signal mjection method may fail if the AD converter has a low
accuracy and the high frequency current signal of the drive
has a low signal-to-noise ratio. Specially designed high speed
AD converter, trigger circuit and data buffers are required in
order to sample the critical points on the high frequency
current waveform which, as mentioned above, is usually
several kHz, identical to the PWM frequency. This will
significantly increase the cost and complexity of the drive
system. In addition, since the method is based on the detection
of winding inductances and its accuracy is influenced by the
magnetic saturation.

The INFORM pulse [6] [7] is used to avoid the problems
in PWM ijection method. In the INFORM pulse injection
method, the amplitude of injected signal is large, but it is an
intermittent signal in order to reduce the average injected
power. The pulse width, amplitude, duty cycle of the
INFORM injected signal can be set to a reasonable value, and
it can avoid using high accuracy and specially designed
current sampling hardware. As the injected signal is
intermittent, the estimation values of rotor position are
discrete and cannot be corrected continuously. This may
deteriorate the dynamic performance of the INFORM pulse
injection sensorless method.

The most popular high frequency signal is using
sinusoidal carrier voltage signal. This method was originally
developed for induction motors and recently extended to PM
BLAC motor with saliency [8] [9]. However, the
identification of the initial rotor polarity was not reported in [8]
[9] and was subsequently addressed in [10] [11], in which sine
and cosine terms of the 2™ harmonic in d-axis current were
compared to identify the rotor polarity. In the above papers,
the BLAC motors under consideration have salient rotor poles.
It was extended m [12] to a non-salient BLAC motor with
surface-mounted PM rotor by utilizing the saliency which was
induced by magnetic saturation. The high frequency signal in
this type of sensorless method is simple to analyze and its
current amplitude is controllable. However, as an extra
harmonic current signal is introduced into the motor stator, it
will cause undesirable acoustic noise, torque ripple and loss.

This paper firstly describes the conventional signal
injection based sensorless control method in section II. Then,
an improved method, which accounts for the mfluence of
cross-coupling effect between the d- and g-axes, 1s developed
in section I1I. Simulated and measured results are compared in
section IV to illustrate the advantages of the proposed method.



II. CONVENTIONAL HIGH FREQUENCY SIGNAL INJECTION
METHOD [12]

For a 3-phase BLAC motor, when the cross-coupling
between d- and g-axes is neglected, the d- and g-axis voltage
equations for the high frequency components are given by
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where v, Vi, ian, i are the high frequency components of d-
and g-axis voltages and currents, and L., and L, are the d-
and g-axis incremental inductances, respectively. p=d/dt.

Since the actual rotor position 6, is unavailable, the
estimated rotor position 6, is obtained from the observer. The
dg-axis voltages and currents in (1) are required to be
transformed from the actual rotor position reference frame to
the estimated rotor position reference frame, i.e.
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where A6=6,-6, 1s the difference between the estimated rotor
position and the actual rotor position, and 7(Af) is the
coordinate rotating matrix and is given by:

T(A@)— cos(AY)  sin(AD)
B —sm(A9) cos(AH)

Therefore, the high frequency voltage equation in the
estimated rotor reference frame is obtained by multiplying the
rotating matrix 7(A&) on both sides of (1).
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where L, and L s are defined as:
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When the high frequency sinusoidal voltage, v, is
applied to the estimated d-axis, i.e. Vg =Vse, V=0, (4)
becomes:
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The dg-axis high frequency currents in estimated rotor
reference frame are obtained by solving (6):
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If the estimation error of rotor position A# is sufficiently
small, it can be simplified as:
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As the error in the estimated rotor position is proportional
to the g-axis high frequency current in estimated rotor
reference frame, /,°, it can be controlled to zero by controlling
i =0 [12].

III. IMPROVED HIGH FREQUENCY SIGNAL INJECTION
METHOD

For a 3-phase BLAC motor, when the cross-coupling
between d- and g-axes is considered, the d- and g-axis
voltage equations for the high frequency components are
given by:
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where L,y and L,y are the incremental mutual-inductances
between d- and g-axis.

By way of example, Fig.1 shows typical finite element
predicted variation of  incremental self- and
mutual-inductances with the load current, 7,, due to magnetic
saturation. For the interior permanent magnet (IPM) BLAC
motor under consideration, Table I, L4, L, and L 4, are 25mH,
32mH and -7mH, respectively, when /(/~0A and i,=4A.
Clearly, since the magnitude of L, is comparable with that
of Ly and L, its influence cannot be neglected in the high
frequency voltage equations.

Equation (9) can be transformed to its estimated rotor
reference frame by multiplying 7(A6) on both sides.
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Since the high frequency sinusoidal voltage is applied to
the estimated d-axis, (10) becomes:
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The resulting d- and g-axis high frequency currents in the
estimated reference frame are obtained by solving (12):
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Thus, if the high frequency component in the g-axis

current is controlled to be zero, ie. i,;=0, as was in the

conventional signal injection based sensorless scheme [12],

an error exists in the estimated rotor position as a result of the

incremental mutual inductance, L, which exists between d-
and g-axes. The error is given by:
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Incremental inductance (mH)
e}
[l

1 0 1
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Fig. 1. Finite element predicted incremental d- and g-axis self- and
mutual-inductances at various g-axis current (i;=0A).

Fig.2 shows the error in estimated rotor position of
conventional signal injection based sensorless control of the
prototype IPM BLAC motor under 74°=0 control, which is
predicted by using the incremental self- and
mutual-inductances in Fig. 1 and (14).

Clearly, the error in the estimated rotor position will only
be zero when L;;=0. The stronger the cross-coupling effect
between the d- and g-axes, the larger will be the error in the
estimated rotor position. Thus, 7,,°=0 sensorless estimation
strategy in [12] is not suitable for the IPM BLAC motor with
large L4, at heavy load condition. It is necessary to consider
the cross-coupling effect to reduce the error in estimated
rotor position. In this case , in order to control the rotor
position estimation error A8 to be zero, the high frequency
component in the g-axis current should not be controlled to
be zero but should be controlled according to (13b) by letting
AO=0, viz.:
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Or more conveniently, it can be controlled according to
(16) which is obtained from (13a) and (13b) when A6=0:
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Clearly from (16), the accuracy of rotor position
estimation depends on the ratio of L4;/L,, in the improved
signal injection based sensorless control. L /L, varies with
d- and g-axis currents due to the variation of L4, and L. The
incremental dg-axis self- and mutual-inductances may be
predicted by the finite element method or measured by
applying various /;and i,.

In the proposed improved signal injection based
sensorless control method, 7,,"=-(L /L )iz control strategy
is used to make the error in the estimated rotor position to be
zero. When the cross-coupling effect is sufficiently small
compared with L, i.e. L4;~0, the control strategy becomes
i,#"=0, which is identical to the conventional signal injection
based sensorless method in section II.
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Fig. 2. Estimation error of conventional signal injection based sensorless
control.

IV. COMPARISON OF RESULTS OBTAINED BY PROPOSED
AND CONVENTIONAL METHODS

The experimental system setup is shown in Fig.3, while the
signal injection based sensorless control system is shown in
Fig. 4. The parameters of the interior permanent magnet
brushless AC motor, whose incremental inductance
characteristics were shown in Figs. 1, are given in Table 1.
The control strategy is implemented on a TMS320C31 DSP,
together with a PIC18F4431 MCU, which serves as the
PWM generator and the encoder interface. The frequencies
of the AD sampling, the speed control loop, and the PWM are
all set to SkHz, and the injected signal is 35V, 330Hz. The
actual rotor position, 6, 1is obtained from a 1024
pulse-per-revolution encoder, which is used as a reference
for the estimated rotor position 8,°.

TABLE 1 SPECIFICATION OF BLAC MOTOR

Number of pole-pairs 3

Rated speed 1000rpm
Rated torque 4.0Nm
Rated phase voltage (peak) 158V
Rated phase current (peak) 4.0A
Phase resistance R; 6.0Q
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Fig. 4. Sensorless BLAC motor drive system.

Figs. 5 and 6 compare the estimated and actual rotor
position when the estimated rotor position is used for
position feedback and the rotor speed command is changed
from -10Hz to +10Hz, i.e., -200rpm to +200rpm. As will
be seen in Figs. 5(a) and 6(a), when the conventional
signal injection based sensorless scheme is employed, the
estimated rotor position error increases significantly with
the load current, and is ~25° when i,=4A. By applying the
proposed method, this reduces to ~5°,Figs. 5(b) and 6(b).
Similar improvement can be seen from simulated and
measured results, which clearly demonstrates the

effectiveness of the proposed method.

V. CONCLUSIONS

In this paper, an improved sensorless method based on
signal injection is developed to reduce the error in
estimated rotor position due to the neglect of cross-coupling
effect in the conventional method. Significant improvement
in the estimation accuracy of rotor position has been
achieved, as confirmed by both simulation and experiment.
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