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Abstract—In this paper a new hybrid position sensorless
control scheme for reluctance synchronous machine drives
is introduced. The scheme combines a simplified alternating
high frequency injection position sensorless control method
with a relatively new fundamental saliency based position
sensorless control method. Separate phase locked loops
and current controllers are designed and implemented for
each method, thus ensuring optimum performance of each
method. The synchronisation of the two phase locked loops,
combined with a hysteresis changeover threshold, ensures
seamless transition between the two estimation methods.
Current- and speed control is shown to be possible through
the entire speed range at high loads.
Index Terms—Hybrid sensorless control, Reluctance synchronous machines, Variable speed drives

N OMENCLATURE AND D EFINITIONS
Symbols:
u, i, ψ Voltage current and flux linkage
R, L
Resistance and inductance
Y
Admittance
TM , Θ Mechanical torque and inertia
θr , ωr Rotor- angle and speed
θe , ωe Electrical- rotor angle and speed
Δ, Σ
Difference and sum
Indices:
s, r
a, b, c
α, β
d, q
c


cos(θe ) sin(θe )
=
−sin(θe ) cos(θe )


The matrix J is used for orthogonal rotation, that is

J


π
0
= T( ) =
1
2


-1
.
0

T and J are the vector equivalents of the complex
operators ejθ and j respectively. Derivatives with respect
(r)
to time are indicated by a dot, e.g i̇s , and derivatives with

respect to rotor angle with an prime, e.g. L(s)
s . Estimated
quantities are indicted with a hat, e.g. θ̂e .
I. I NTRODUCTION

Stator and rotor
Stator phase axes
Stator fixed cartesian axes
Rotor fixed direct and quadrature axes
Carrier frequency

Scalar values are written in normal letters, e.g. R or
τ , vector values are written in small bold letters, e.g.
i or ψ, and tensor matrices are written in bold capital
letters, e.g. L or T. Subscripts describe the location of
the physical quantity, e.g. Rs is the stator resistance.
Superscripts specify the reference frame of the quantity,
e.g. i(r)
is the stator current vector in the rotor reference
s
frame. Superscript T is used to transpose a vector and
superscript −1 for the inverse.
Vectors are transposed from one reference frame to
another with T(r → s) or T(s → r).


cos(θe ) −sin(θe )
T=
sin(θe ) cos(θe )
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The reluctance synchronous machine (RSM) is known
to be robust and comparably efficient under field oriented
control algorithms [1] [2]. These advantages, among others, has led to a new-found interest in these AC machines
that do not have rotor windings or permanent magnets. A
position sensor is necessary to obtain the rotor position to
implement field oriented control. Position sensors, however, are expensive, take up space and are not suitable for
harsh environments.
Various methods of position sensorless control have
been developed over the years. Back EMF position sensorless methods are used with permanent magnet machines to
detect the rotor position at medium to high speeds [3]. This
method of position detection is not possible for the RSM
due to the only source of flux being the stator currents.
In [4], a fundamental saliency based tracking scheme is
proposed for the RSM. This method takes into account
the non-linear relationship between the isotropic flux and
current, and makes it possible to produce high torque with
good dynamics. Rotor position estimation is not possible
at low speeds and standstill with the fundamental saliency
method, as with the back EMF methods.
Several authors have investigated different variations
of hybrid methods for permanent magnet machines to
overcome the shortcoming of the back EMF method at
standstill and to implement control through the entire
speed range of the drive [5]–[8].
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A high frequency assisted active flux based sensorless
method for axially laminated anisotropic (ALA) RSM’s
is proposed in [9]. In this method the difference between
the two estimated angles of the two position estimation
methods are fed through a PI controller which gradually
changes gain at high speeds allowing only the active flux
method to do position estimation at high speeds.
A current-frequency method with coupled active flux
based sensorless control for RSM’s is proposed in [10].
This method performs open loop control at standstill and
low speeds. In [11] a method is proposed for the RSM that
utilises the indirect flux detection by an on-line reactance
measurement (INFORM) model at low speeds and an EMF
model at high speeds. A hybrid method combining high
frequency injection with flux estimation is proposed for
the RSM in [12]. This method is supported by a speed
observer. Changeover from one scheme to another is done
gradually with speed dependent gains. Due to the nature of
the changeover between the two schemes both estimation
schemes are driven by the same current controller gains.
The method proposed in this paper utilises the nonlinear fundamental saliency estimation method (FSM) proposed by [4], combined with a simplified alternating high
frequency carrier injection method [13]. The proposed
scheme has the aim to utilize optimum performance of
each scheme by implementing unique current controllerand phase locked loop (PLL) gains for each method.
II. BASIC RSM O PERATION
The RSM investigated is as shown in Fig. 1. This RSM
is a transverse laminated 2-pole pair motor with distributed
stator windings. The rotor has two flux barriers. The qaxis is algined along the minimum permeance axes in
quadrature with the flux barriers. The d-axis is aligned
with the maximum permeance axis, along the rotor iron
segments. This difference in permeance creates the RSM’s
high saliency. It is shown later in this paper that no or little
inductance saliency exists at small current magnitudes. A
small current is always applied to the q-axis to saturate
the q-axis magnetic circuit, thus ensuring a large enough
saliency.
It is shown in [14] that the maximum torque per ampere
locus of the RSM can be approximated by a current angle
of 60o . The current vector at low loads ensures an always
present q-axis current for visible saliency, but approaches
a current angle of 60o as the load increases, ensuring
maximum torque per ampere.
The only source of flux is the stator coils. Hence
the RSM is described electrically by the stator voltage
equation of (1). The vector product of the flux and the
current gives the torque of the machine as given by (2).
(s)

uS = Rs is(s) +
Tm =

(s)
ψ̇ s

3p (r) T (r)
3p
i
(ψd iq − ψq id )
Jψs =
2 s
2

Fig. 1.

III. A LTERNATING H IGH F REQUENCY I NJECTION
M ETHOD
In this method a high frequency (HF) voltage vector is
superimposed onto the fundamental control voltage vector
in the estimated rotary reference frame. An amplitude
modulation scheme is used to track the saliency induced
by the saturation along the axis orthogonal to the injection
axis [15]. With proper demodulation it is possible to track
the anisotropy position [16]. The anisotropy in a reluctance synchronous machine rotates at the same angular
frequency as the rotor.
At high frequencies, that are bounded by (3) where fs
is the sampling frequency, the RSM can be described as
in (4), consisting out of only an inductance voltage term
[15] [17].
2ωr < ωHF <

2πfs − 2ωr
2

(r)
u(r)
sc = L

di(r)
sc
dt

(3)
(4)

L(r) is the tangential inductance matrix defined as in
(5) [17]. The injected carrier voltage is defined as in
(6), where ωc is the constant carrier frequency (injection
frequency). The high frequency carrier injection occurs on
the estimated d-axis with the estimated electrical angle, θ̂e .


Ld 0
(r)
(5)
L =
0 Lq


uc cos(ωc t)
(6)
u(r̂)
=
sc
0
Equations (4) and (6) can be used to describe the high
frequency measured current as in (7) [17] [18].
i(r̂)
sc

(1)
(2)

Geometery of the investigated RSM.

= L(r̂)
=

−1



u(r̂)
sc dt


  
uc sin(ωc t)
cos(2Δθe )
1
− ΔL
(7)
LΣ
0
sin(2Δθe )
L d L q ωc

In (7), LΣ = (Ld + Lq )/2 is the mean position
independent inductance and ΔL = (Ld − Lq )/2 is the
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inductance saliency. The estimation error is defined as
Δθe = θe − θ̂e . Conventional HF methods filter iq with a
band-pass filter to extract the frequency component that
has information regarding the position estimation error
before frequency shifting the HF components back to the
origin.
It is shown in [13] that the component that contains
information regarding the position estimation error is
separated from the other high frequency components by
twice the carrier frequency if the band-pass filter is omitted
in the demodulation scheme. This concept simplifies the
demodulation scheme by directly frequency shifting the qaxis current whereafter it is low-pass filtered to reject the
high frequency components. Using fewer filters increases
the dynamic performance and reduces phase lag and time
delay. Finally the demodulated q-axis current is used to
drive a phase locked loop (PLL) to extract the estimated
electrical angle, θ̂e [16], [17]. The PLL is implemented
with a simple PI controller.
The simplified high frequency injection method as
implemented in this project is illustrated in Fig. 2. An
important aspect to note about this method is that the
position estimation error that is driven through a PLL is
scaled by the magnitude of the inductance saliency ΔL.
This implies that this method is dependent on a large
enough inductance saliency.

uc cos(ωc t)

i(r)∗
s +
-

L=

ψ s(s)

=

LΣ is(s)
(s)


+ LΔ

ψ (r)
s

(8)

is(s)


cos(2θe ) sin(2θe ) (s)
i
sin(2θe ) −cos(2θe ) s

(s)

= ψ Σ + ψΔ

(9)
(s)

As shown in Fig. 3, [4] stated that ψ Σ is parallel to
(s)
the current vector and that the fundamental saliency, ψ Δ ,
rotates with double the rotor speed while having a constant
magnitude. θi is defined by [4] as the angle between the
current and the rotor d-axis. When rearranging (9) and
(10), it is possible to calculate the fundamental saliency,
ψ sΔ with measurable quantities as in (11). The relationship
between current and flux is not linear as expected, thus
(s)
ψ Σ can not be calculated directly. Instead, lookup tables
can be used as shown in (12) [4].
us(s) = Rs is(s) +

(s)
ψ̇ s

(10)

u∗d

T −1

SVPWM

u∗q
i(r̂)
s
LPF

RSM

T
iq

epll

ω̂e

θ̂e

sin(ωc t)

LPF

PLL

Fig. 2. Block diagram of simplified alternating high frequency injection
position sensorless control.

Fig. 3.
(s)

ψΔ

IV. F UNDAMENTAL S ALIENCY BASED E STIMATION
M ETHOD
If it is assumed that the flux linkage vector is linearly
dependent on the current vector, the flux linkage vector can
be calculated with the secant (instantaneous) inductance
defined as in (8). With this assumption it is now possible
to describe the stator flux vector in the stationary reference
frame with (9) [4] where LΔ is the secant (instantaneous)
inductance saliency and equals (Ld − Lq )/2.

+

+
PI

Flux linkage orientation due to saliency [4].

=
=

(s)

ψ Σ (iss )

(s)

ψ s(s) − ψ Σ

(s)
us(s) − Rs is(s) dt − ψ Σ (iss )
ψd (|iss |, 0) + ψq (0, |iss |) iss
2
|iss |
s
i
= ψΣ (|iss |) ss
|is |

(11)

=

(12)

(s)

It is also possible to calculate ψ Δ in the estimated
reference frame with (13), by using the estimated electrical
position, θ̂e , which is tracked by the PLL. An angle
(s)
(s)
difference between the two vectors, ψ Δ and ψ̂ Δ can
be calculated by taking the vector product as in (14) [4].
This angle is equal to the position estimation error and
can be fed back to the PLL, which is a PI controller that
will drive the error to zero [4].


(s)
cos(2θ̂e ) sin(2θ̂e ) (s)
ψ̂ Δ = LΔ
i
(13)
sin(2θ̂e ) −cos(2θ̂e ) s
Δθe

(s) T

(s)

=

ψΔ

=

|ψ Δ ||ψ̂ Δ |sin(2Δθe )

(s)

Jψ̂ Δ

(s)

(14)

During voltage integration in (11), integrator drift can
occur. Integration drift can be compensated for by sub(s)
tracting kd ψ Δ within the integration of (11) [4], i.e.
(s)
ψΔ
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=

(s)

us(s) − Rs is(s) − kd ψ Δ dt − LΣ is(s) .

(15)

The non-linear fundamental saliency position sensorless
control method (FSM) as implemented is illustrated in Fig.
4.
V. H YBRID E STIMATION S CHEME
Both the discussed methods have their advantages and
drawbacks. The HF injection method has the advantage
that it can detect the rotor position at standstill and
at very low speeds. The drawback is that the injected
voltage takes up a large portion of the DC bus voltage,
limiting the voltage that can be supplied by the inverter to
implement control. HF signals can also cause torque ripple
and can have negative effects on the control structure. As
stated earlier this method also relies on a strong enough
inductance saliency ΔL. This inductance saliency tends to
disappear under very low- and very high loads.
The FSM make use of the full DC link bus voltage. This
allows this method to achieve rated torque at rated speed
under speed and current control. This method is also more
dynamic than the HF method at high speeds. The FSM
relies on the fundamental saliency for position estimation.
Unlike the inductance saliency that is required for the HF
method, the fundamental saliency does not disappear at
high loads, making the FSM method effective under high
load conditions. Due to parameter errors and drift effects,
the scheme is unstable at very low speeds and standstill.
Combining the two schemes, will utilise the advantages of
both schemes while eliminating some drawbacks like the
lack of position estimation at standstill, acoustic noise at
high speeds and limited torque capabilities.

one single speed threshold, has the drawback that during
acceleration the changeover is slightly higher than it needs
to be (0.43 p.u instead of 0.26 p.u). It does however have
the advantage that a speed ripple around the changeover
thresholds won’t result in an unnecessary back and forth
switching between estimation methods.
Due to the difference in the two schemes it was found
that they react differently to control- and PLL gains. With
the hysteresis changeover scheme it is possible to drive
each scheme with its own optimised current controller
and PLL gains, ensuring optimum performance from each
scheme.
The main contribution of this work is the PLL synchronisation. To ensure seamless changeover between the
position estimation methods, the two PLL’s of the two
methods are synchronised by feeding the estimated angle
and speed from the active PLL to the inactive one right
before changeover. This allows the PLL to directly track
the angle at changeover. In the implementation of the
scheme the FSM is always active, although not always in
control, but the HF injection scheme is switched off when
not in use, thus freeing up the DC bus. The working of
the changeover and PLL synchronosation is shown in Fig.
5.
VI. M EASURED R ESULTS
The specifications of the RSM used are listed in Table
I. The RSM is coupled to an induction machine (IM) as
load. Each machine is driven by a 5 kW inverter with
the DC links bridged. The inverters are controlled by a
LINUX based real time application interface.

A. Changeover

TABLE I
RSM SPECIFICATIONS

The changeover between the estimation methods needs
to be seamless and effective. The changeover used in this
project is based on a hysteresis effect. During acceleration
from standstill a changeover from the HF method to the
FSM method is chosen at a speed of 0.43 p.u (65 rad/s).
During deceleration the changeover from the FSM method
to HF method is chosen at a speed of 0.26 p.u. (40 rad/s).
Using two different speed points for changeover instead of

Pole pairs
Nominal power
Rated current
Rated mechanical torque
Rated mechanical speed

2
1.1
3.5
7
157

kW
A RMS
Nm
rad/s

kd
(s)

us

ω̂e
ψ s(s) +

-

+

(s)
ψΔ

-

(s)

PI

(s)

(s)

ψ̂ Δ

ψΣ

ψΣ

rs

θP LL

xT

J

|u|
is(s)

S(θ̂e )
Fig. 4.

Non-linear funamental saliency position estimation scheme.
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θ̂e

Startup

Flux Linkage [Wb]

2

HF injection = ON
HF = Control
θ̂e = θHF
FSM = Observe

θ̂e = θF SM
HF injection = OFF

Δt

Inductance [H]

θ̂e = θHF
HF = Control
FSM = Observe

Δt

0.5
0
1

2

3

0.6

ω̂e > 0.47 p.u

θF SM = θHF

1

-0.5
0

No

Yes

ψd
ψq
ψΔ

1.5

6

7

8
Ld
Lq
ΔL

0.4
0.2
0
-0.2
0

1

2

3
4
Current [A]

θHF = θF SM

FSM = Control

4
5
Current [A]

5

6

7

HF injection =ON

No

HF = Observe

ω̂e < 0.26 p.u

Fig. 7. Measured flux linkage and inductance curves as a function of
current.

Yes

Fig. 5. State space diagram of the hybrid position sensorless control
method.

The test bench used is shown in Fig. 6. The blue
machine is the IM and the orange the RSM. The measured
uncoupled flux linkage and inductance curves of the RSM
are displayed in Fig. 7 as a function of current. The second
frame shows how the inductance saliency ΔL disappears
at high currents.
A. Limits of Stable Operation
The limits of stable stationary operation indicate what
torque the hybrid method is able to deliver as a function of
speed. The resultant stable area of operation is shown in
Fig. 8. The hysteresis effect is clearly visible in the middle
of Fig. 8 due to the two changeover threshold values. The
upper part of the hysteresis is the FSM and the lower part
is the HF injection method.
Saturation of the flux linkage at low speed under high
load causes the HF method to lose track due to a disappearing inductance saliency, as seen in Fig. 7. Although

limited by the HF method, the startup torque with current
control is almost double the rated torque, thus overcoming
the problems perceived by [6]. The results in Fig. 8 show
that despite very high loads, the proposed scheme is able
to track the rotor position in the entire speed region of the
drive and is only limited by the DC bus voltage at medium
to high speeds.
B. Speed Response
The speed response of the hybrid scheme includes the
investigation of the changeover between the two methods.
A speed step of 1.33 p.u is applied to the RSM-drive at
standstill as shown in Fig. 9. It is clear that the changeover
is seamless, even when a speed step of above rated speed
is applied and removed.
C. Load tests
In Fig. 10 the position sensorless controlled RSM is in
speed control. With the reference speed set to 0 p.u a load

3.57

2.86

Torque [p.u]

FS Method
HF Method

2.14
1.83
1.43
1
0.71

0
0

Fig. 6.
right.

0.26 0.43

0.67
1
Rotor Speed [p.u]

1.33

1.67

Test bench used with the IM on the left and the RSM on the
Fig. 8.
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Limits of stable operation of the RSM under current control.

of rated torque is applied to the RSM. The second frame
shows that the steady state position estimation error does
not exceed |5o | electrical.
In Fig. 11 the position sensorless controlled RSM
speeds up to rated speed from standstill. Full load is
applied and removed to the RSM at rated speed. The speed
then changes to a negative direction where torque is again
applied and removed to the RSM, this time in the opposite
direction. These tests display the hybrid method’s ability
to respond to speed steps, change in speed direction and
applied load. The position estimation error in Fig. 11 never
exceeds |15o |, while its steady state value is below |10o |.
D. Hysteresis Analysis

1.67

Target ωm
ωm

Amplitude [degrees]

0.67

Torque [p.u]

Speed [p.u]

1

0.33

2

4

6

8

10

Time [s]

Fig. 9.

-0.33

Amplitude [degrees]
Torque [p.u]

6

10

15
Time [s]

20

25

0

30
θerror

-10
-20
0

5

10

15
Time [s]

20

25

30
Tm

5

10

15
Time [s]

20

25

0.64

8

10

Time [s]
5

Torque [p.u]

Speed [p.u]

ωm

4

5

1.43
1
0.5
0
0.5
-1
-1.43
0

0

2

0
-1

30

Fig. 11.
From zero to speeds of 1 p.u and -1 p.u with torque
perturbations.

No load RSM speed response.

0.33

-0.67
0

ωm

1

-2
0

1.33

0
0

2
Speed [p.u]

The purpose of having a hysteresis changeover is to
avoid unnecessary switching between the schemes during
a speed ripple. To investigate the feasibility of this argument the RSM speeds up to activate the FSM and is then
lowered to the middle of the hysteresis region ensuring

that the fundamental method is still active. A series of
tests are performed in this region.
Figure 12 shows the results of a large torque step in
this region. The first screen shows the torque step and
the second screen indicates which estimation scheme is
active. As the speed drops, one changeover occurs due to
undershoot, and during the removal of the step another
changeover occurs during overshoot. It is clear that there
is no unnecessary back and forth switching between the
estimation schemes.
The effect of variable torque switching on the scheme
is investigated in Fig. 13. While operating in the middle
of the hysteresis region the load is applied and removed
several times with impulse like characteristics. Again, it is
clear that there is no unnecessary back and forth switching
between the two schemes except when the load causes
under- or overshoot.

Tm

0.4

0.14

0
θerror

0

-5
-10
0

1
Time [s]

2

1.29
1

1

2

3

4

1

2

3

4
Ti
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8

9

5
[ ]

6
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8

9

FSM

Tm

0.5
0
0

2

4

6

8

HF
0

10

Time [s]

Fig. 10. Zero speed operation in speed control while applying rated
torque to RSM.

Fig. 12. Hybrid method response to large applied load in the middle
of the hysteresis region.
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Torque [p.u]

0.71

Tm

0.57
0.43
0.29
0.14
0

2

4

2

4

6

8

10

6

8

10

FSM

HF

0

Time [s]

Fig. 13. Hybrid method response to impulses of large applied load in
the middle of the hysteresis region.

VII. C ONCLUSION
A hybrid position estimation scheme that makes use
of a simplified alternating high frequency injection- and
a fundamental saliency based position sensorless control
methods, is introduced in this paper. Seamless changeover
between the two estimation methods is achieved by synchronising the two PLL’s when changing between estimation methods, while implementing each method with
optimum performance driven gains. A hysteresis based
changeover is proposed to prevent back and forth switching between the two estimation methods. Measured results
show that the implementation of hysteresis changeover is
successful and no unnecessary switching between the two
methods occurs. Even under impulse-like load addition
and removals, the method is stable.
It can be concluded from measured results that the
implementation of the method is successful and that the
hybrid method is able to produce high torque from startup
up to base speed, overcoming problems perceived by
[6]. Tests show that there are no noticeable effects in
machine response when changeover occurs, thus providing
evidence of a successful changeover method. Furthermore,
measured results show that the hybrid method is able to
change direction from positive rated speed to negative
rated speed. The ability to accurately estimate the rotor
position during direction change improves on previous
work done by [10].
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