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Abstract — High frequency carrier injection is a prom-

ising approach solving high performance sensorless drive
demands. Position control at low and zero speed is only
possible using anisotropic effects considered in high-
frequency models. The usually open loop carrier signal
injection is impacted by nonlinear inverter properties like
the dead-time effect. This paper discusses the influence of
the dead time effect on the carrier signal excitation com-
paring alternating and revolving injection principles. To
overcome disturbing effects an alternating injection pro-
cedure is proposed using a predefined injection angle.
The approach reduces the effects of the inverter distor-
tion voltages.
As a result it is possible to track even small saliencies
typical for surface mounted permanent magnet synchro-
nous machines. For processing the high frequency cur-
rent for position estimation, there is no additional hard-
ware necessary within a standard drives with field ori-
ented control. The paper presents theoretical analysis
and experimental results.

Index terms — sensorless position control, carrier injec-
tion, dead-time effect,

I.  INTRODUCTION

1. A. High frequency carrier injection

Several proposals have been made to use estimation algo-
rithms for speed detection and even for position detection of
synchronous machines at low and zero speeds. Papers re-
cently published indicate high frequency injection methods
becoming more and more attractive [1, 4, 5]. In Surface
Mounted Permanent Magnet Synchronous Machines
(SMPMSM) the saliencies are small, because the magnets
are distributed rather homogenously on the surface of the
rotor. Therefore injection methods usually are not applied to
this type of machines.

These machines, however, provide a small amount of anisot-
ropy produced by saturation of the main flux. This paper
describes a high-frequency injection scheme to control speed
and position in Surface Mounted Permanent Magnet Syn-
chronous Machines especially at low stator frequency and
even at standstill. The high-frequency test signal is controlled
to be in alignment with the anisotropy of the rotor - in this

case with the saliency induced by saturation - resulting in an
amplitude modulated space vector. A synchronous tracking
scheme evaluates the anisotropy — this concept avoids com-
plex demodulation algorithms which are sensitive to varia-
tions of machine parameters and additional saliencies ne-
glected by the model.

The inverter dead-time effect represents the major carrier
signal distortion. In chapter V these highly nonlinear effects
are discussed. In revolving carrier systems an elliptical car-
rier voltage distortion can be observed leading to misinter-
pretations of the actual anisotropic machine properties re-
flected in the carrier current. For alternating carrier injection
schemes a variation of the carrier injection angle has been
analyzed to overcome the inverter dead-time effect, which
has a strong impact on the high frequency carrier signal exci-
tation. The approach bases on reducing the inverter distor-
tions voltages by using the orthogonal estimation axis.

L B. Alternating high frequency carrier injection schemes
Alternating carrier injection schemes are able to track relia-
bly even small anisotropies. In differences to revolving car-
rier injection schemes the alternating carrier methods are able
to decouple different saliency effects. This is due to the ori-
entation of the orthogonal estimation axis according to the
saliency aligned excitation axis [7]. The approach in [7] uses
a so-called “in phase component isolator” (separating the
anisotropy information). An adjusting procedure is suggested
to compensate the degrading demodulation performance with
increasing carrier phase lags due to inaccuracies of the in-
verter and measuring equipment.

In difference to [7] the method presented in this paper pro-
posed a phase sensitive rectifier incorporating additionally d-
axis current information to process an (online minimized)
estimation error angle.

Alternating carrier injection with a displacement of T1/4 with
respect to the saliency axis [4], suffers from inverter carrier
voltage harmonics generated by the dead time effect. This
effect can be explained by analysing the current trajectory
transition between two switching sectors.



II. ALTERNATING CARRIER INJECTION PRINCIPLE

The phase angle of an alternating carrier voltage vector u, is
kept in alignment with the estimated d-axis in the dg-rotor
reference frame (Fig. 1). As a consequence, the modulation
has almost no effect on the torque producing current compo-
nent in the g-axis [11].
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III. ESTIMATIN OF THE ANISOTROPY

The new method generates a positive as well as a negative
current sequence component, both containing information
about the rotor position. The injected carrier voltage

u” =u_ cos(w_t)e™

3.1
is always in alignment with the estimated posi-
tion of the anisotropy (estimated values are
marked with a hat *):

8 =d1.

(3.2)
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Fig.1: Resulting current signal i, as a modulated space vectors in rotor

coordinates

Based on this approach the superimposed carrier signal can
be described in stator coordinates as follows

u =u, cos((oct) e 2.1

c

The carrier frequency w, is chosen around 2 kHz to obtain a
fast response and to avoid interaction with the current control
loop. As long as the estimated rotor position coincides with
the real rotor position & the test signal is a composition of
two high frequency test signals as used in conventional high-
frequency injection methods [2] but rotating in directions
opposite to each other. As a result only the d-axis is excited
by the carrier. The resulting high-frequency current i, (re-
sponse of the electromagnetic circuits to the injection voltage
u.) is also in alignment with the main flux. Like the voltage
the current can be also decomposed to a positive and nega-
tive sequence component, #. and i respectively (Fig. 1).
The amplitude of i, varies sinusoidally with time. A small
misalignment between the real and the estimated rotor posi-
tion produces an additional high frequency component

i® :l”—; sin(@) |1+ (1, - 1) e 2.2)
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which can be detected to feed a rotor saliency tracking algo-
rithm which is sensitive even to the small anisotropies of
SMPMSMs [11]. The current signal (2.2) is not used to esti-
mate the rotor position by calculations. It serves as an error
signal that is minimized by the tracking scheme in the next
sampling cycle.

The anisotropy in a SMPMSM is mainly based
on the saturation effect of the main flux; it
rotates with the same frequency w as the rotor.
In difference to the field oriented system the
subscript , generally indicates an anisotropy-
aligned coordinate system. Both coincide in the
case of surface mounted PMSM. A transforma-
tion of the carrier voltage to field coordinates is
done by multiplying equation (3.1) by ¢%°.

This leads to

uc(F) =u, cos(w.t) 1070

(3.3)
The differential stator equation can be represented as fol-
lows:

a . (F
(5_5) :lo(p) dlc( )

uC(F) =u, cos(a)ct)ej 7

(3.4)

Stator resistance, induced voltage and cross coupling of the
currents are neglected in the differential stator equation [11].
This is only permitted if the carrier frequency . is much
higher than the fundamental frequency.

The real field angle & is the unknown variable in this equa-
tion. The solution in field coordinates of (3.4) is

O od oq
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Equation 3.5 can be discussed as follows: the carrier current
amplitude |i,| increases proportionally to the carrier voltage
u. and decreases with increasing carrier frequency. More-
over, the carrier current component i, is directly propor-
tional to the angle error Ad.

This offers an effective way to demodulate the rotor position
information. The sin-function from (3.5) behaves proportion-



ally to the angle error Ad. Hence, the next processing cycle is
used to correct the direction of carrier signal.

IV. SENORLESS CONTROL APPROCH

1V. A. Demodulation of the carrier current

Using high frequency injection methods for sensorless con-
trol, the signal demodulation algorithm requires high per-
formance in signal processing. To reduce the calculation
effort, the high-frequency current i, (3.5) is transferred to a
reference frame in a negative direction at approximate carrier
frequency. This is done by

ic(w°t+6) :ic(S) e'j(wc“'é)

4.1)

This transformation generates a high frequency current signal
that is easy to demodulate without referring to machine pa-
rameters. Assuming the remaining negative sequence current
components of i, are rejected by a low pass filter, transforma-
tion (4.1) applied to the current signals (3.5) results in
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It can easily be separated because it is transformed by (4.1)
to about twice the carrier frequency.
Equation 4.2 illustrates the current response containing the
useful information about the misalignment of the estimated
field angle with reference to the real field angle. It is used as
an error estimation angle
N5=5-5. (4.3)
The current response is further simplified to reduce process-

ing power necessary for demodulation. In the case of small
error estimation angles the current response is:
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This equation shows the real component of the current re-
sponse in the reference frame according to (4.1) being pro-
portional to the error angle Ad. This is used to track the field
angle by a closed loop tracking system (Fig. 2).

1V. B. Sensorless position control of SMPMSM

As discussed in chapter IV.A, a high sophisticated demodula-
tion of the carrier response can be replaced by tracking the
error estimation signal (4.3). It is possible to generate a cal-
culation quantity representing the misalignment Ad between
the estimated field angle and its real value, (4.4). Tracking an
error signal is robust against noise and measurement toler-
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Fig.2: Signal flow graph of the field angle estimation
scheme based on the proposed method

ances e.g. the limited resolution of analog to digital convert-
ers in drive controllers. As the estimated field error angle
Ad is evaluated in the proposed method instead of the abso-
lute field angle itself, the resolution of the high frequency
current signal i is less critical. Furthermore, the error signal
Adis changing only slowly in comparison to the sample
frequency.
The signal flow graph in Figure 2 illustrates the basic struc-
ture of the proposed sensorless scheme. The positive se-
quence current has a real component proportional to the error
angle Ad (4.4). This signal is sampled with the sampling
frequency of the current control loop. The following PI-
controller feeds a controlled oscillator to create the estimated
field angle. This results in a closed loop structure that cor-
rects the field angle stepwise by each sampling cycle. Hence,
a high sampling frequency ensures good and dynamical fast
alignment with field axis. The disturbances of the acquired
signal are low, thus permitting operation at low carrier ampli-
tudes. The prominent advantage is the tracking observer not
depending on any machine parameters.

To establish narrow filter characteristics, the current i, (Fig.
2) is transformed to the estimated field coordinate system by

. (& . (S -id
%) _ ()61(6).

l =1

. o (4.5)
This transformation results only in current components of
carrier frequency .. This allows using narrow band filters
that rejecting all frequencies except the carrier frequency,
which is essential to estimate small saliencies.



1V. C. Experimental results
The experimental results are obtained using a commercial 6-
pole SMPMSM servo drive with 1.2 kW rated power.

The estimated position 8 is used as a feedback signal for
field oriented control. The central track of the diagram in

Figure 3 represents the position error A8 between the meas-

ured position O and the estimated position 5 (increased
scale). The switching frequency is 8 kHz, the carrier fre-
quency is 2 kHz with a peak carrier current i; ., of 200
mA. The current is processed using the same 12-Bit A/D
converter also used for sensing the fundamental currents.
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Fig. 3: Experimental results: rotor position & and corre-

sponding estimated variables 5 , AS

V. DEAD-TIME EFFECT ON CARRIER EXICITATION

V.A. Modeling of the Dead-time effect

The major distortions of the inverter output are caused by an
interlock time Ty, preventing a temporary short circuit of the
DC link when using a voltage source inverter. The interlock
time Ty is typically higher than the turn off time of the indi-
vidual IGBT. During the interlock time the upper and lower
power switches are turned off, therefore each half bridge
output potential is determined by the state of the freewheel-
ing diodes and hence by the polarity of the load current [6].
This situation is valid for fundamental stator currents as well
as for high frequency carrier currents.
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Fig.4: Definition of the six distortion voltage vectors
S; according to each stator current sector

Figure 4 shows six distortion voltage vectors S; located in a
complex plane according to the stator current i [6]. It can be
seen that each error voltage have the same amplitude but they
are displaced to each other by 60 degrees phase angle. The
six sectors determine the appropriate error voltage phase
angle by

(5.1)

2
sec(iy) :g a’ sign(iy, ) +a' sign(iy)+a’ sign(i)|.

The variables i, are the respective stator phase currents, a
= ¢/’ is the vector rotator and sign represents the polarity of
the respective phase current (a detailed description of this
scheme can be found in [6]). This justifies the definition of a
complex error voltage vector .

_T,-T1,

" sec(i,) = Du sec(i.) (5.2)

The normalized error voltage vector u., is a nonlinear func-
tion of the stator current i; and is mainly proportional to the
effective IGBT off-states T4 — T, [6]. The six error voltages
result in a sixth harmonic of the stator current.

V.B. Distortion of rotating Carrier Injection

The revolving carrier excitation represents a widely known
method of sensorless control [2]. Usually all high frequency
carrier methods are arranged as an open loop injection
scheme, assuming inverter linearity. The distortion phenom-
ena caused by the inverter dead-time is normally neglected,
although it can lead to serious problems [10].

The fundamental distortion model discussed above is also
valid for high frequency injection. However the influence on
the carrier signal is different to the influence on the funda-
mental states. The high frequency sector transition, inherent
to this signal class, lead to high harmonic error voltages u.,.

b) a=20

Fig.5: Stator voltage us and current trajectory i, apply-

. . . — jw.t
Ing a rotating carrier Voltage u., =u.e and a con-

stant fundamental voltage u,, =u e’ (simulation)



For symmetrical reasons the following discussion is focused
on sector one and two only. All experimental results in this
chapter are taken using an isotropic machine. Therefore they
solely present the undesired modulation effect of the inverter
nonlinearity without any impact of the other effects.

Figure. 5 presents the stator and voltage trajectory incorpo-
rating the dead time-effect, as typically present in sensorless
carrier methods. The usually larger and slowly varying fun-
damental current i, is emulated (for illustration purposes) as
a constant DC current with predefined stator angle. The su-
perposition of a small high frequency carrier current and a
large fundamental current leads to characteristical sector
transitions. The high frequency voltage vector u. is superim-
posed to the fundamental one, resulting in a high frequency
current trajectory i, shown by the fundamental DC current
summing up to the stator current i; (see Fig 5).

a) =30

b) a=40

Fig.6: Stator voltage and current trajectory us, i, ap-

joo.t

plying a rotating carrier voltage u, =u.e’™* and a

fundamental constant voltage u,, =u e’ (simulation)

As the high frequency current touches the sector boundary
defined in Fig. 4, the high frequency voltage gets distorted by
an error voltage u.. (see Fig. 5b). The error voltage is de-
ducible considering equation (5.1). A strong elliptical modu-
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Fig.7: Measured distortions of the filtered carrier cur-
rent components iy i resulting from the dead-time
effect, (f;= 6 kHz, T4=5 [s)

lation effect of the carrier voltage trajectory u, is visible. It
depends directly on the high frequency current transition and
is strongly nonlinear. Therefore the maximum influence
between both sectors can be expected at 30 degrees funda-
mental current angle.

Figure 6 points out the elliptical modulation effect consider-
ing the fundamental current phase angles a of 30 and 40
degrees. The maximum carrier voltage distortion takes place
at 30 degrees fundamental current phase angle as expected.
Consequently the elliptical carrier distortion bases on an
error voltage u., with carrier frequency w,, hence not elimin-
able by any filter.

Figure 7 illustrates the consequences of a distorted carrier
voltage trajectory (increased dead-time for better illustra-
tion). The carrier current gets modulated cyclically whenever
one of the fundamental phase current components passes
zero. This modulation effect is hardly separable from desired
anisotropic machine modulation effects because of the fre-
quency spectra are very close together.
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Fig. 8: High frequency carrier current transition during sector changes with different injection angles ¢;,; according to the

fundamental stator current i,



V.C. Distortion of alternating carrier injection

Small saliencies require a highly sensitive estimation
method, which must be robust against parasitic anisotropies
like inverter clamping effects. Results shown below make
clear that the orientation of the injected alternating voltage
according to [11] provides an important additional degree of
freedom. This can be understood by studying the sector
change in Fig. 8.

The dead time effect generates six different error voltage
vectors S;-S¢ depending on the actual stator current i
Regarding sector 1 and 2 as an example, it is obvious, that
the high frequency alternating current trajectory determines a
high frequency error vector transition during the sector
change (Fig. 8). The current trajectory, however, depends
directly on the injection angle ¢i,; of the high frequency
signal according to the fundamental current i;;. This results
in an alternating high frequency voltage distortion signal
with carrier frequency. In the case of Fig. 8 the error voltage
u.. can be decomposed into a constant DC-voltage term ac-
cording to the mean value of both distortion voltages S;,S,
(neglecting the variation of the DC-term during one funda-
mental period) and the alternating term (at carrier frequency)
according to the difference of S,,S,.

s = Ay (qu% (5.3)

rect(W, t

er 2 ( c )j
With respect to its frequency the alternating term (rect) is not
separable by filters. Therefore the impact on the carrier sig-
nal can be reduced only under the following three conditions:

*  minimizing the inverter interlock time
*  minimizing the transition time between two sectors
* aproperly used carrier injection angle §;,;

The first two methods are not under the control of the design
engineer and therefore obviously less applicable. The last
point can be used to determine a predefined injection angle
i to minimize the impact of the distortion voltage u,.

The distortion voltage observed in a synchronous dg-
reference frame as in Fig. 8 depends on the injection angle
iy and can be calculated according to (5.3) by vector trans-
formation. Fig. 9 illustrates the voltage distortion in the d-
and g-component at different injection angles.

It is important to realise that there exists a periodically modu-
lated g-axis carrier voltage u., even when the high carrier
excitation is injected in the d-axis only. The distortion volt-
age component U4 is strongly increased depending on the
injection angle. A correct high frequency carrier current
response i.q modulated by machine anisotropies can there-
fore only be expected for undistorted voltage carrier compo-
nents u.q. This is nearly guaranteed for an injection angle of

[SM t 25a — . T
R SN N N P
-25A %M
u,t v - E
A 1 1 B A GG A AR
M e e "\‘W\‘W\ A N T
30v
MCqT 6V —
0—7% —
-6V E

0 100 200 300 400 ms t—»

a) Injection angle ¢, = 11/2

inj

400 ms t—»

0 100 200 300

b) injection angle ¢,,= 1/3
Fig. 9: Distortion of the high frequency carrier voltage
components g, U during one fundamental period (due
the inverter dead time effect) at different injection angles
§inj (simulation)

§inj = TV2. (Carrier excitation with the injection angle ¢;y= 0
theoretically also results in a minimum distortion. But ex-
periments confirm that this can hardly be realized.)

The distortion effect of the error voltage u. influences the
carrier voltage components uq, U, depending on the injec-
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Fig.10: Measured distortions of the filtered carrier current
components i icq resulting from the dead-time effect, (f;=
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tion angle. However, the relative distortion of the d-
component is very small because it coincides with the main
excitation direction. The g-component, generally used for
anisotropic machine identification, is highly sensitive to
voltage distortions. Therefore distortions caused by inverter
nonlinearities should be avoided in this axis by means of
proper injection angles ¢y; .

Figure 10 confirms the theoretical results concerning the
minimum distortion effect in the g-component using an injec-
tion angle of ¢;,; = T2. Even though there is a modulation of
the d- carrier current the g-carrier current remains nearly
unaffected.

Under load conditions the fundamental machine current i is
perpendicular to the main field (no field weakening) and the
carrier current is aligned with the main field axis. Therefore
the injection angle is close to Tv2. Hence the processed g-
carrier current iy (Fig. 2) is almost not affected by the in-
verter dead time effect. This situation provides a high accu-
racy in rotor position estimation visualised in Figure 3.

VI. CONCLUSION

This paper presents an improved sensorless control algorithm
for Surface Mounted Permanent Magnet Synchronous Ma-
chines using high-frequency voltage injection. The method is
suitable for reluctance machines and permanent magnet ma-
chines with buried magnets, but it is especially designed to
track small saliencies and to detect the small differences in
rotor anisotropy provided by synchronous motors with sur-
face mounted permanent magnets. The position estimation
method is independent of machine parameters as only a posi-
tion error is estimated by a tracking scheme.

Special attention is given to the inverter nonlinearities affect-
ing the carrier signal. Hence a special injection scheme using
predefined injection angles is suggested. This results in a
minimum carrier distortion with reference to the orthogonal
estimation axis. Experimental results verify inverter nonlin-
earities being minimized by a proper choice of the injection
angle.
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