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Abstract

In this paper a simplified and stable high frequency injection
sensorless control method for reluctance synchronous machine
drives is presented. This method is based on previous work
where the conventional band pass filter is omitted from the de-
modulation scheme to prevent unnecessary time delay and mag-
nitude decrease. Previous work presented accurate position es-
timation at very low speed under no-load conditions. The pro-
posed method is evaluated under various different load condi-
tions and at high speeds. The performance of the proposed
method is compared to the performance of the drive while us-
ing a rotary encoder. Experimental results show that the scheme
is stable under various load conditions and delivers good perfor-
mance.

1 Introduction

Position sensors for electrical machines are expensive andre-
duce the reliability of the drive, not only because of the sensor
itself, but also because of the link between the sensor and the
controller. The high frequency (HF) injection sensorless method
has received a lot of attention throughout the years and has be-
come a popular choice for synchronous machines, due to its abil-
ity to estimate the rotor position at standstill.

Conventional HF injection methods as explained and used by
[7], [9] and [10] amongst others, make use of a band pass filterin
the demodulation scheme, followed by a low pass filter. Investi-
gations by [11] show the possibility of a simplified demodulation
scheme by omitting the conventional band pass filter. Filters can
have a negative effect on machine control. In some cases filters
can also cause unnecessary magnitude decrease of the measured
signal. Digital implementation of filters causes time delay.

In [11] the estimation capabilities of the scheme are analysed
with and without the band pass filter on a PMSM drive. Mea-

sured results at 1.5rpm at no load showed very good position
estimation. However the performance of this method at higher
speeds and under load conditions is thus still unknown. These
aspects are investigated on a reluctance synchronous machine
(RSM) drive. The RSM is known to be robust and comparably
efficient under correct control algorithms [3]. Another aspect
that receives attention in this paper is the dynamic performance
of the simplified method.

2 HF carrier injection method

In this method a high frequency voltage vector is superimposed
onto the fundamental control voltage vector in the estimated
anisotropy reference frame. An amplitude modulation scheme
is used to track the saliency induced by saturation along theaxis
orthogonal to the injection axis [9]. This enables the demodula-
tion scheme to track the anisotropy position of the rotor [7]. The
anisotropy in a reluctance machine rotates at the same angular
frequency as the rotor.

2.1 High Frequency Machine Model

The RSM can be modelled in the synchronous rotor reference

frame (dq) as in Equation (1), whereu(r)
s =

[

uSd

uSq

]

is the stator

voltage,i(r)s =

[

iSd

iSq

]

the stator current andRs the stator resis-

tance. The angular speed of the synchronous reference frameis
represented byω. Superscript r denotes quantities in the rotor
fixed synchronous reference frame (dq).

u(r)
s = Rsi(r)s + L(r) di(r)s

dt
− ωJL(r)i(r)s (1)

J is an orthogonal rotation matrix andT is a transformation ma-
trix used to transform vectors from one reference frame to an-
other.

J = T(
π

2
) =

[

0 -1
1 0

]

(2)



T =

[

cos(θ) −sin(θ)
sin(θ) cos(θ)

]

(3)

T−1 =

[

cos(θ) sin(θ)
−sin(θ) cos(θ)

]

(4)

The inductance vector,L(r) as used by [4] is described by:

L(r) =

[

Ld 0
0 Lq

]

(5)

Evaluating Equation (1) at high frequencies that are bounded
as by Equation (6), wherefs is the sampling frequency andωr

is the maximum operating fundamental frequency, the resistive-
and speed voltage terms fall away due to its small magnitudes
compared to the inductance term [4]. Equation (1) simplifiesto
(7) where subscriptc refers to the carrier frequency component
of each quantity. The model of the RSM under high frequency
carrier-signal excitation is a pure inductive load [9].

2ωr < ωHF <
2πfs − 2ωr

2
(6)

u(r)
sc = L(r) di(r)sc

dt
(7)

2.2 Alternating Carrier Injection

An alternating carrier voltage is applied to the estimated real axis
(d-axis) in thedq- reference frame at a constant carrier frequency
ωc [1] [4]. The vector is kept in alignment with the observed
d-axis which is real [7]. Figure 1 shows the discrete Fourier
transform of the injection voltage,uccos(ωct) at 3 kHz with a
sampling frequency of10 kHz. The frequency spectrum of the
applied voltage,ud + uccos(ωct), is shown in Figure 2. It is
clear that the injection voltage is significantly smaller than the
applied voltage.

The injected carrier voltage (8) is always transformed to the sta-
tionary reference frame by using the estimated electrical posi-
tion, θ̂e [7]. Equation (8) is in the stationary (αβ) reference
frame as indicated by superscript(s). Estimated values are rep-
resented with a hat.

u(s)sc = uccos(ωct)e
jθ̂e (8)
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Figure 1: DFT of HF injection voltage
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Figure 2: DFT of applied voltage

Usually stator current measurements are used as feedback, thus
the measured current is used to calculate the actual anisotropy
position. Equation (7) can be rewritten as in (9). Equation (9) is
the current response in the actualdq reference frame. The cur-
rent can only be measured in the estimateddq reference frame
given by Equation (10) [4]. The current in the rotor reference
frame is transformed to the stationary reference frame by the
actual rotor position. This is the current that is measured.

i(r)sc = L(r)−1

∫

u(r)
sc dt (9)

i(r̂)sc = i(s)sc e
−jθ̂e = i(r)sc e

j(θe−θ̂e) (10)

=
ucL

(r)−1

ωc

sin(ωct)e
j(θe−θ̂e) (11)

The estimation error can be represented by∆θe = θe − θ̂e. If
∆θe is small enough and if the closed loop system is in steady
state i.e. the estimated angle tracks the actual angle, it isa
reasonable assumption thate−j∆θe is nearly time invariant. If
e−j∆θe is indeed almost time invariant it will not result in a fre-
quency shift and thus only scale the frequency components. This
assumption can lead to simplifications ofsin(∆θe) ≈ ∆θe and
cos(∆θe) ≈ 1. It is necessary to transform Equation (5) to the
estimated rotor frame using Equations (12) and (13).

L(r̂)
s = TL(r)

s T−1 (12)

T =

[

cos(∆θe) −sin(∆θe)
sin(∆θe) cos(∆θe)

]

(13)

Simplification of the mathematics leads to:

L(r̂) = LmI +∆L

[

cos(2∆θe) sin(2∆θe)
sin(2∆θe) −cos(2∆θe)

]

(14)

whereLm = (Ld + Lq)/2 is the mean position independent
inductance and∆L = (Ld − Lq)/2 describes the magnitude of
the saliency [4] [6]. I is the 2x2 identity matrix. The inverse
of Equation (14) is derived in Equation (15) [4]. Substituting
Equation (15) into Equation (11) and applying assumptions as
noted above the current in the observed synchronous rotating
reference frame is derived as in Equation (16) [4] [6].



L(r̂)−1 =
1

LdLq

[

LmI +∆L

[

−cos(2∆θe) −sin(2∆θe)
−sin(2∆θe) cos(2∆θe)

]

]

(15)

i(r̂)sc =
ucsin(ωct)

LdLqωc

[

Lm

[

1
0

]

−∆L

[

cos(2∆θe)
sin(2∆θe)

]

]

(16)

It is now clear that the second term on the right contains infor-
mation regarding the position estimation error and is strongly
dependent on the magnitude of the saliency.

2.3 Sensorless Control Approach

The symmetrical spectrum in Figure 2 suggests that the pulsat-
ing vector can be interpreted as superposition of two rotating
vector carriers [9]. The carrier signal appears to lack spectral
separation which is essential for synchronous reference frame
filtering [9].

According to [8], the spectrum of signalx(t) is shifted to the
carrier frequency when multiplied bycos(ωct), as in Equation
(17).

x(t)cos(ωct) ⇐⇒
1

2
[X(ω + ωc) +X(ω − ωc)] (17)

Multiplying the measured current in Equation (16) with
sin(ωct) leads to the derivation of the trigonometry identity of
Equation (18).

sin2(ωct) =
1− cos(2ωct)

2
(18)

When evaluating Equation (18) in the frequency domain it is
clear that there is one component at the origin and two compo-
nents at twice the carrier frequency. The effect of the frequency
shift (unscaled with respect to parameters) can be seen in
Figure 3.

The component at the origin can be used to extract the rotor
position. It is now clear that a simple low pass filter can separate
this component from the other high frequency components.

This transformation generates a high frequency current signal
that is easy to demodulate without referring to machine param-
eters [7]. Assuming that the remaining high frequency current
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Figure 3: Frequency shifted current

components are rejected by a low pass filter after applying the
trigonometry identity of Equation (18) the low pass filteredcur-
rent is described by Equation (19).

i(r̂)LPF =
uc

2LdLqωc

[

Lm

[

1
0

]

−∆L

[

cos(2∆θe)
sin(2∆θe)

]

]

(19)

Further simplifications as discussed earlier lead to:

i(r̂)LPF =
uc

2LdLqωc

[

Lm

[

1
0

]

−∆L

[

1
2∆θe

]

]

(20)

Equation (20) indicates that the q-axis current component in the
estimated rotor reference frame becomes zero when the rotor
position angle error is zero [2]. Thus only the q-axis compo-
nent could be processed to acquire the rotor position [2]. Itis
important to observe that the information of the rotor position
strongly depends on the magnitude of the saliency∆L [2]. The
error signal will disappear whenLd = Lq [2].

2.4 Demodulation of Position Estimation Error

Equation (20) shows that the q-component of the current re-
sponse is proportional to the estimation error∆θe. This is used
to track the electrical angle in a phase locked loop (PLL) sys-
tem [7]. The PLL relies on the fact that proper frame orien-
tation results in the carrier current component decouplingsuch
that current only exists in the excited d-axis [9]. The estimator
is in effect an amplitude null regulator [9].

Tracking an error signal is robust against noise and measurement
tolerances e.g. the limited resolution of analog to digitalconvert-
ers in drive controllers [7]. The proposed scheme for sensorless
position detection is shown in Figure 4.

As seen in this scheme it is proposed that only a low pass filter
be used in the demodulation scheme. Conventional HF injection
schemes make use of an extra band pass filter before multiplying
iq with sin(ωct). As proven above it is not necessary to use a
band pass filter. The design of the band pass filter is criticalto
ensure that only the components around the carrier frequency are
filtered out. This requires a sharp roll-off frequency. However
sharp roll-off causes the problem of phase shift.

Additional to the phase shift, filters also cause magnitude de-
crease. Filters implementation in ANSI-C causes a time delay.

Figure 4: Block diagram of alternating HF injection sensorless
control



Filter also change the dynamic response of the whole system and
therefore impair the PLL tuning capabilities. The implementa-
tion of the low pass filter is done with a simple first order filter.
First order filters are easy to implement and configure.

3 Measured Results

The specifications of the RSM used are listed in Table 1. The test
bench is shown in Figure 5. The RSM (orange) is coupled to an
induction machine (IM)(blue) that acts as a load. Each machine
is driven by a5 kW inverter with the DC links bridged. The
inverters are controlled by a LINUX based real time application
interface.

Pole pairs 2
Nominal power 1.1 kW
Rated current 3.5 A RMS
Rated mechanical torque 7 Nm
Rated mechanical speed 157 rad/s

Table 1: RSM specifications

Figure 5: Test bench used with the IM on the left and the RSM
on the right

As discussed earlier, the error signal is strongly dependent on
∆L, thus it is necessary to have a difference in inductances for
the tracking scheme to work. The measured flux and inductance
in thedq reference frame are displayed in Figure 6, highlighting
the non-linearity of the RSM.

It is necessary to saturateψq to achieve a difference in induc-
tance. To saturateψq, there should always be a small current
in the q-axis. To ensure that the difference in inductance is al-
ways big enough to track the saliency,iq was always kept at a
minimum of1.5 A. This allows the scheme to track the saliency
position from standstill up to base speed and beyond.

3.1 No Load Speed Response

As expected from a HF injection scheme, it is possible to achieve
speeds much higher than base speed at no load using the pro-
posed method. Figure 7 shows the estimated electrical position
and the measured electrical position at a speed of 0.133p.u as
well as the estimation error. The estimation error seems to oscil-
late around2.5o.

To investigate the dynamic performance of the speed controller,
the peak overshoot (Mp) as well as the 2% settling time are ex-
amined and compared to a scheme that makes use of a rotary
encoder. The results of a series of no load speed response tests
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Figure 6: Non-linear characteristics of the RSM

0 0.5 0.1 0.15 0.2 0.25
0

2

4

6

P
os

iti
on

 [r
ad

]

0 0.5 0.1 0.15 0.2 0.25
-10

-5

0

5

10

Time [s]

A
m

pl
itu

de
 [d

eg
re

es
]

θe

θ̂e

θerror

Figure 7: Electrical position estimation and accompanied error
at a speed of 0.133p.u

are summarised in Table 2. These tests are performed by apply-
ing a reference speed at standstill. Figure 8 shows the results of
the 0.933 p.u test.

To further test the dynamics and robustness of the sensorless
method a series of tests is performed where a reference speedis
applied to the RSM. The direction of the reference speed is then
reversed forcing the machine to change direction and acquire
the same speed in the opposite direction. The results of these
tests are shown in Table 3. These tests highlight the dynamic
capability of this scheme especially during direction change.

Normal Operation Sensorless Control

ωr [p.u] Mp 2% Settling Time Mp 2% Settling Time
0.133 0 0.060 s 24 0.495 s
0.667 0 0.058 s 10 0.507 s
0.933 0 0.2075 s 7.14 0.528 s
1.33 0 0.307 s -1.5 0.560 s

Table 2: Speed response under no load
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Figure 8: No Load Speed Response

Normal Operation Sensorless Control

ωr [p.u] Mp 2% Settling Time Mp 2% Settling Time
0.133 0 0.090 s -28 1.021 s
0.4 0 0.151 s -5 0.66 s

0.667 0 0.251 s -6 0.829 s
0.933 0 0.359 s -4.28 0.816 s
1.0667 0 0.390 s -2.5 0.969 s

1.2 0 0.460 s -2.22 0.801 s
1.33 0 0.510 s -2 1.035 s

Table 3: Dynamic response under no load

3.2 Speed response under load conditions

It is clear that the injected high frequency voltage uses a large
percentage of the DC bus voltage. This can be problematic under
load conditions or during rotor direction change, as the DC bus
voltage can vary under these conditions. It is thus necessary to
keep the injection voltage as small as possible, but large enough
to extract the position. In this project the applied voltageis kept
to a minimum of 37% of the maximum limit.

If the maximum DC link voltage is reached, an anti-integration
windup function limits the voltage by stopping the integration
of the current controller. Unfortunately the addition of a cascade
controller for speed control limits the startup torque under speed
control to 0.6 p.u torque.

Using 37% of the DC bus voltage for high frequency injection
voltage, it is possible to achieve 0.6 p.u torque at rated speed
with speed control. Again a series of speed tests are performed
as shown in Table 4.

Normal Operation Sensorless Control

ωr [p.u] Mp 2% Settling Time Mp 2% Settling Time
0.133 0 0.145 s 0 1.33 s
0.4 0 0.380 s 3.33 2.363 s
0.67 0 0.867 s 0 2.587 s
0.8 0 1.286 s 0 1.6 s
0.93 0 1.777 s 0 1.6754 s

Table 4: Speed response at 0.6 p.u torque

The speed response and the accompanied estimation error are
investigated by applying and removing a load at constant speed
as shown in Figure 9. The estimation error increases oscillating
around−10o. This is to be expected under high load condi-
tions. During measurements of [9], the estimation error oscil-
lated around−25o under similar load conditions.
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Figure 9: Speed Response to applied load

3.3 Torque control

Operating in torque control the sensorless method performswell
and is able to deliver above rated torque from standstill up to
base speed. In Figure 10 the RSM applies a load of 1p.u to the
IM. The 2% settling of the current vector is32ms.

4 Limits of stable operation

The speed-torque stability of the proposed scheme is investi-
gated in torque control while being driven at set speeds by the
IM. The resultant stable area of operation is shown in Fig. 11.
These results indicate at what load conditions the method will
lose track of the rotor position.

The thick solid line indicates the proposed method and the dotted
line the curve fitted line of this method. The method is compared
to a method used by [5]. As shown in Figure 6 the saliency
(∆L) disappears at low- and high loads which can cause the
estimation method to lose track of the rotor position. It is clear
that the scheme presented in this paper is not able to produceas
high startup torque as that of [5], but it is able to produce higher
torque in the mid speed range up past base speed. The startup
torque is still high at 1.86 p.u.

Figure 11 proves that despite very high torque, the proposed
method is able to track the rotor position in the entire speed
region of the drive and even beyond the rated speed while op-
erating in torque control.
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Figure 10: Torque controller applying 1 p.u load to IM
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5 Conclusion

In this paper a simplified method of sensorless control through
alternating high frequency injection is presented. The proposed
method moved away from the conventional method of using a
band pass filter in the demodulation scheme. Only the conven-
tional low pass filter is retained during demodulation.

Experimental results show that this method is able to track the
position through the entire speed range and beyond base speed
under various load conditions. Speed control tests revealed that
the performance of the proposed method is comparable to that
of "sensored" operation. Tests revealed that the method handles
direction changes efficiently. Limits of stable operation tests
showed that the method is stable up to almost twice rated torque
at standstill in torque control, and able to produce rated torque
at rated speed.

The implementation of the proposed method is simple and ne-
glecting the band pass filter reduces the number of parameters
that need to be tuned to produce the desired performance. With
all the outcome results considered, this method might be suitable
as an industrial solution in RSM drive applications.
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