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Abstract—This paper presents a sensorless Synchronous
Reluctance Machine used as a generator with a different
method for rotor position estimator. The estimator is based on
the machine model and the error between measured q-axis
current versus estimated current. The rotor position error is
analyzed in various running conditions considering uncertain
machine parameters. Stability of the rotor position estimator
has been approached using model linearization by small signal
deviations. Simulation and experimental results validate the
theoretical assumptions.
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I. INTRODUCTION

The Synchronous Reluctance Machine (SynRM) has
gained researchers attention in the last period due to its
advantages as a simple and rugged structure, no rotor
winding and no PMs [1]-[5]. Over the years, substantial
research on SynRM design [2], [6]-[9], directly conected to
the grid [10]-[12], and inverter fed with position sensor
control [13]-[16] has been done. Also, sensorless methods
regarding rotor position has been approached in [17]-[22].
For small power and low speed applications, sensorless
control is essential to have a low-cost implementation. State-
of-the-art estimators are based on measured voltages
integration, usually implemented as low pass filters that
introduce distortions at low speed, or on signal injection [23]
which needs a DC voltage reserve.

This paper proposes a rotor position estimator for a
SynRM based on machine model and g-axis current error
(measured and estimated by model). In this method, the
integration operations for the flux observer are naturally
included in the closed loop of the machine model thus
additional loops for offset and fluxes initial values
compensation are not required. Also, the aperiodic flux
component damping from the observer is similar with the
electrical machine phenomena. An existing SynRM was
controlled in generator mode with dq current references in
order to verify the study.

II. SYSTEM LAYOUT

The proposed configuration of sensorless control used for
controlling the Synchronous Reluctance Generator (SynRG)
is shown in Fig.1. It consists of a Prime Mover, a SynRG and
a power converter which delivers the energy in a DC grid.
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Fig. 1. Sensorless control diagram of SynRG

The Prime Mover can be a hydro turbine, a wind turbine
or a variable speed drive (VSD) with speed control. The
power reference of the SynRG is obtained by prescribing the
d- and g-axes currents. The current errors are processed
through a PI controller in order to produce the dq reference
voltages. The dq reference voltages are transformed into
polar coordinates to be prescribed to the PWM inverter. In
order to calculate the rotor frame coordinates, the angular
position is needed and it is estimated by measuring the phase
currents and DC voltage.

A. SynRG Model

The SynRG is characterized by the following equations
in rotating frame reference:
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where y,, y, are the d- and g-axis linkage flux, V,, V, are

the d- and g-axis voltages, R, is the stator resistance, i,, i,

are the d- and g-axis currents, p, is the number of pole pairs,
L,, L, are the d- and g-axis inductances, @, is the rotor

speed, 6 is the rotor position, 7, is the electromagnetic

torque, T, is load torque and J is the entire system (prime
mover and SynRG) inertia.

B. Rotor position-speed estimator

The overall performances of the system depends on the
rotor position estimation, which is based on the same model
as the machine, except for the mechanical equation which is
replaced with a PI transfer function acting on the estimated
and the machine q axis currents (with the machine q axis
current in the estimated dq frame). Also for estimation of
torque, the active flux concept is used [24]. Fig. 2 shows the
implementation of position-speed estimator. The equations
which describe the estimator subsystem are given below:
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where the terms with index ‘e’ are the estimated values and
they have the same signification as in SynRG model. The
terms: Vi, , Vi, . iy » i are d- and g-axis voltages and
currents in estimator coordinates (these were obtained from
stator coordinates through inverse Park transform using
estimated rotor position), k,, k, are the PI transfer function

is the error between estimated and measured

re

constants, &,
g-axis currents.

III. POSITION ERORR ANALYSIS REGARDING PARAMETERS
VARIATION

The estimated angle error, versus uncertain machine
parameters is analyzed in this chapter. The machine and
estimator subsystems both use the same phase voltages that

are provided from V, , Vq*, in the estimated dq reference

frame. This differs from the machine dq frame with error
angle &,.

V, =V, -cos(g,)+V, -sin(g,) (12)

Vv, ==V, -sin(g,)+V, -cos(g,) (13)
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Fig. 2. Block diagram of the Position Estimator
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Taking into consideration the machine voltages (12) and
(13), the machine currents in the estimator reference (14) and
(15), the machine equations and estimator equations, the
entire system (machine and estimator) equations becomes:
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A steady state solution of the system equations (17)-(23),
result in constant state variables, so their derivatives are zero,
except for (20) in this case. Solving the system equations, the
following results are obtained:
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The equation (30) is calculated by using (24) - (27) into
(29).
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The per unit stator resistance k;, d-axis inductance kg and
g-axis inductances kg, were introduced to consider the

uncertain parameters in the estimator. The estimator
parameters related to machine parameters become:

R,=k R, L,=k,L,, L,=k L, (34)

The algebraic equation system does not have real solutions
for the high difference between estimator and machine
parameters, which means there is no steady state regime. In
Fig. 3 and Fig. 4 it is shown how &, depends according to
the variation of k., ks and k, (0.5 to 1.5 with 0.05 step) at
several rotor speeds and different i/is ratio. The extensive
simulations show that position error depends only on the i,/is
currents ratio, and their absolute values have no influence.
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Fig. 3. Position error sensitivity at equal currents (is =35, iq =-5)
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Fig. 4. Potion error sensitivity at current ratio iq /ia =2 (ia = 5, ig = -10)



IV. STABILITY ANALYSIS

The steady state analysis from previous chapter shows
the position error according to parameter variation, but it is
not able to prove that a steady state solution is stable and
how the PI transfer function constants of the estimator, &, k;
influence the stability, so a stability analysis is required. The
analysis was performed by linearization, considering small
variations in the state variables around a steady state point.
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Considering system equations from (17)-(23) and
equation (38) and substituting the state variables with their

expressions from (35) to (37), the linearized system
equation are obtained:
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The Hurwitz criterion was used to study the system
stability. Based on the six order equation system (39)-(43)
and (51), the system transfer function was calculated
considering the machine parameters (TABLE 1. ), several
values for rotor speed (60, 120 and 200 rpm) and several id,
iq combinations. Although Hurwitz minors are available in
analytical form, their expressions are too complex to be
analyzed and aggregated for thousands of combinations
(around 90000). Again, the numerical solution should be
used by giving values to &, and k;. To explore a large domain
(1 to one million) without impractical computation effort, an
exponential distribution, with only 101 values per constant,
(10201 total values) is used.
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Fig. 5. Feasibility domain for k;, and k;: all domain - left, close-up - right



TABLE L PARAMETERS OF THE SYNRG
Parameters Value Unit
Rated power P, 1800 W
Line voltage V, 400 \%
Rated current 7, 10 A
Rated speed n,, 200 rpm
Pole pairs p, 6
d-axis inductance L, 0,822 H
g-axis inductance L, 0,289 H
Stator phase resistance R, 6,17 Q

A feasibility matrix, containing 1 for stable points and
zero for unstable was built. The final feasibility matrix was
computed as a set of intersection of all feasibility matrix. The
feasibility domain (matrix) for &, and k; is shown in Fig. 5.

V. SIMULATION RESULTS

Stability analysis studied in previous chapter needs a
validation through simulation of the entire system (Fig. 1)
because the simulation provides access to the machine
parameters. The digital simulation is based on the diagram
block presented in Fig. 1, where SynRG and Prime Mover
model are shown in Fig. 9, and estimator model from Fig. 2.
In Fig. 9, the prime mover is a torque controller in order to
drive the SynRG.

The results of the simulation were obtained for k,= 250
and k; = 1500 from Fig. 5 and the parameters for SynRG
from TABLE I. The following cases are presented:

e Around rated power, n=200rpm: Fig. 6, Fig. 7;
e Rated torque, n=120rpm: Fig. 8, Fig. 10.

The saturation and variation of stator resistance with
temperature were considered by modifying the machine
parameters.
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Fig. 6. High power results: i;=5; i;= -10, Rs = 6.7; Ld = 0.8; Lq=0.254,
a) stator currents, b) stator voltages, ¢) estimated rotor position.
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Fig. 7. High power results: i;=5; i;= -10, Rs = 6.7; Ld = 0.8; Lq = 0.254,
a) active output power, b) torque, ¢) dq flux linkages.
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a) stator currents, b) stator voltages, c) estimated rotor position.

Fig. 9. SynRG with prime mover — block diagram
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VI. EXPERIMENTAL RESULTS

The proposed control method was validated on a test
bench as depicted in Fig. 11 and Fig. 12. The results for the
corresponding setup are presented in Fig. 13 - Fig. 19. The
SynRG has the parameters given in TABLE I. The SynRG is
driven by a 11 kW three phase squirrel cage induction motor
(IM), controlled by a back-to-back ABB (ACS 800)
inverter. A 4 kVA Danfoss inverter feeds the SynRG. The
control technique is implemented on a digital signal
processor (dSpace DS1103). The Danfoss inverter control
board was replaced with another interface card which
provides full control over the inverter IGBT gate drivers.

— 5. T —
Prime mover |
| ABB \
| inverter SynRG /
back-to-back
Lot 2/, I
Vid

A

— — —

Fig. 12. Experimental platform
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Fig. 13. Experimental results: i, =54, i; =-104, n=200rpm , a) stator

currents, b) stator voltages, ¢) estimated rotor position.
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Fig. 14. Experimental results: i, =54, i; =-104, n=200rpm, a) active
output power, b) torque, ¢) dq flux linkages.

The communication between dSpace and inverter is done
through fiber optics for noise immunity and galvanic
isolation. The phase currents and DC voltage are measured
by the dSpace board. In order to emulate the DC grid, a DC
source is used for keeping the voltage at 350V for inverter
and measurement equipment feeding when the generator
doesn’t produce power. The load is represented by a chopper
(inside the Danfoss inverter) with a RL load (R=60 Q,
L=9,36 mH). The chopper is controlled with a PI controller
for maintaining the V,. =580V, implemented in dSpace.

The reference DC voltage can be modified. The load voltage
and current (V,, , i, ) are measured using an oscilloscope.
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Control mode | Speed Control mode | Speed
Speed -119,3  pm Speed -199.8 pm
EemrErs Current 342 A Command Current 247 A
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Fig. 17.SCADA  actual  values (left: i, =54 , i =-104 ,
n=200rpm ;right: i, =7.54 ,i, ==15.54, n=120rpm).
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Fig. 19. Experimental results (RL load) i,=7.54 i; =-1554 ,

n=120rpm , a) load voltage, b) load current, c) load power.

Communication with ABB inverter is done through
ethernet, protocol Modbus TCP/IP, using an adapter module
(RETA-01). A SCADA system was developed (in Control
Maestro software) for reference and actual values.

VII. CONCLUSIONS

Presented paper propose a different method for
estimating the rotor position of a SynRG. The proposed
method was successfully tested on a large speed respectively
torque range, starting from 60 rpm up to 200 rpm
respectively required torque for zero output power up to full
load (around 200 Nm). The speed range covers requirements
for wind and hydro generator applications. The experimental
results show that torque and speed estimation by the



proposed method are very close with the values given by the
inverter of the driving machine Fig. 18. Lower speed in
generator mode cannot be obtained due to the drop voltage
on internal resistance of the machine. Extensive simulations
and experimental results prove that the system is stable for
the next ranges of the per unit estimator parameters:
resistance variation between 0.71-1.35, d-axis inductance
between 0.67-1.98, and g-axis inductance between 0.89- 1.18
from rated values.

This method could be an alternative for the existent
sensorless control methods of the SynRG in order to avoid
integrators offset, initial flux values compensation, and a DC
voltage reserve (for the signal injection method).

The sensitivity and stability of position error method
presented in this paper can be used also to analyze the
performance of other rotor position estimators from literature
(stator flux position angle [17], [21], [22] or active flux
position angle [25]). The simulation and experimental results
validated the proposed control method and with a larger
Ld/Lg ratio (presented SynRG has only Ld/Lg=2.7 ratio),
better energetical results can be obtained.
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