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Abstract—In the past, plenty of identification methods have
been proposed for the encoderless control of induction machines
and of permanent magnet synchronous machines, including all
important tasks of the encoderless operation, such as the
identification of the initial rotor position, the low and the high
speed operation of the drive. However, not all the available
methods are suitable for the application on electrically excited
synchronous machines (EESM) with damper winding, which are
commonly used in high power, medium voltage (MV) app-
lications. For a large class of EESM the known methods of
encoderless control fail in delivering the correct estimation of the
rotor position especially in the low speed range of operation. In
the present work the problems related to the encoderless control
of the EESM with conventional techniques are described and a
new approach is introduced, which injects low frequency test
signals to identify the rotor position. In the same way the model
based methods are enhanced and a persistent operation at low
and zero speed becomes possible. Measurement results on a
conventional medium voltage inverter validate the applicability
of the proposed scheme.

Keywords—Sensorless control; wound rotor synchronous
machine, wound field synchronous machine, electrically excited
synchronous machine

I. INTRODUCTION

The classical fields of operation for inverter fed electrically
excited synchronous machines (EESM) are high power,
medium voltage (MV) applications, generally with power
ratings above several megawatts. In this power range, the
EESM is often preferred to the induction machine (IM) due to
constructive issues like a larger possible air gap or less rotor
losses leading to a simpler cooling system. Permanent magnet
synchronous machines (PMSM) are rarely used for high
power ranges because of their expensive magnet materials. In
the last years, the EESM also became attractive for electrical
vehicles due to its good performance in the field weakening
area, which is essential in those applications [1]. In this case, a
moderate power, low voltage (LV) machine is required. A
great difference regarding the machine design compared to the
MYV applications is the absence of the damper winding in most
of the latter applications.

The control of an EESM or of any AC machine in general
demands the information of the angular position of a certain
space phasor that describes the machine. This information can
be obtained by a machine model, which is fed by the measured
machine currents and the rotor angle that is measured with an
encoder. In this way, the control in any operating point in the
whole speed range is possible. Nevertheless, the dependence

on a mechanical sensor is undesirable either because of higher
costs, not only caused by the sensor itself but also because of
higher installation times, wiring accessibility etc., or
especially because of the reduction of the total reliability when
using the sensible sensor, as it is prone to failures. The control
without mechanical angular sensor was an important topic of
research in the last decades, mainly focusing on PMSMs or
IMs in the low voltage range [2]-[3]. Until now, different
encoderless approaches need to be combined in order to cover
the whole speed range of an AC machine. Methods for the
moderate or high speed range (typically above 3 to 5% of the
nominal speed) base on the integration of the induced stator
voltage can be applied without difficulties to any machine
including EESMs [4]-[5]. However, control schemes for the
low-speed range as well as approaches for identifying the
initial rotor position need to inject additional, mostly high
frequency, test signals (in this context “high frequency” means
a much higher value than the machine nominal frequency). In
that way, machine dependent asymmetries like rotor saliencies
or saturation effects are identified to finally estimate the rotor
position. Presently, plenty of such methods are available for
PMSMs and IMs [6]-[7].

To answer the question if these well-known signal
injection methods can also be applied to EESMs, it is
necessary to distinguish between EESMs with or without a
damper winding. In case of EESM without damper winding,
many of the encoderless methods originally designed for
PMSMs can also be applied with only minor changes e.g.
compensation of the strong cross coupling effects in EESMs
[8]. In fact, the encoderless control can even become easier as
the machine exhibits one additional degree of freedom if
compared with the permanent magnet type. In case of the
EESM, not solely the stator winding but also the field winding
can be used to either inject a test signal and analyze the
reaction in the stator [8]-[14] or to analyze the response in the
field winding caused by a current injection in the stator
winding [15]. In those applications where a (low voltage)
EESM with no damper winding is used [8], [12]-[14], usually
a transistor converter with high switching frequency feeds the
field winding. Thus, the frequency of the test signal can be
very high, achieving a high dynamic identification of the rotor
position.

However, the conditions for medium voltage EESM with
damper winding are completely different. First, the damper
winding influences strongly the high frequency admittance of
the stator winding, making it hard or even impossible to detect
any angular dependence of the stator admittance, even in
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salient pole machines. Consequently, nearly all high frequency
injection methods, which are based on the evaluation of the
stator quantities, fail in most machines of this type [17]-[18].
Besides, usually a low voltage thyristor inverter feeds the field
winding and is operated at the low net frequency. The current
measurement of these devices is mostly not designed to detect
high frequency signals as it is also sampled with a low
frequency (often six times the net frequency, e.g. 300 or
360Hz). Hence, the high frequency injection as well as the
detection in the field winding cannot be achieved.

A possible solution to detect the rotor position in EESMs
with a damper winding could be the injection of a lower
frequency test signal (much lower than 300Hz) in the field
winding. The drawback of this approach is, that the high
dynamic control of the main inverter would reject the test
signal as a disturbance on the stator side and impeding the
identification [4]. Additionally, the impact at the stator side is
very weak when a test signal is injected in the field winding
[19]. Thus, this solution seems to be unsuitable for these
EESMs.

The remaining solution, the injection of a low frequency
test signal in the stator winding with evaluation of its response
in the field winding, is now in the focus of this paper. When
analyzing identification methods based on the injection of test
signals for medium voltage drives, theoretical considerations
alone are not enough, so the tight hardware restrictions of a
conventional MV-inverter must also be taken into account. In
particular, the very low switching frequency of these inverters
(e.g. 250Hz), which often also needs to be reduced in the low-
speed or standstill region (e.g. less than 150Hz) is one of the
main challenges when injecting additional test signals. In the
following, the novel identification procedure for MV-EESMs is
explained and its applicability on a conventional inverter is
examined.
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Fig. 1: Generation of the current references

II. BASIC IDEA

The basic idea of the presented method is that the injection
of a signal in the d-axis of the machine on the stator side leads
to a significant reaction in the field circuit whereas a test-
signal in the g-axis has no influence on the field current. In
this approach an alternating current test signal i,.(?), injected
with an angular orientation ¢ relative to the d-axis is proposed.
As the rotor position needs to be identified during the normal
operation of the drive, the test signal, or more precisely its
reference i;,st(t), is added to the current reference values iy, and
i;,) that are delivered by the superimposed control (i.e. velocity
control) to obtain the desired torque and magnetic flux. The
resulting current references iy and i; are the inputs of a current
controller, e.g. PI-controller, hysteresis control, etc. (Fig. 1).

If the test signal, i.e. a sine signal, is applied in the g-axis
(e=90°), the field winding does not show any measurable
change as long as the rotor position is correctly identified or
known (Fig. 2b). Yet, if there is an error yg,, between the
identified position y; of the identified d-axis d; and the real
rotor position p, the test signal will produce a current
component in the real d-axis (Fig. 2 a and c). Based on the
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Fig. 2: Current response in the field winding for different angular errors in the estimation of the rotor position



measurable answer in the field current, the identified rotor
position y; can be adapted or in other words, the error yg,,,, of
the estimation can be minimized.

Fig. 2 also depicts the principal answer of the field current
ir to an excitation in the identified g-axis for the three cases
VEror<0, VEmo=0 and yg,..,=>0. As already stated if the d-axis is
correctly identified, the field circuit is not influenced by the
test signal (Fig. 2b) and follows the desired reference
trajectory. If the identified rotor position is not correct, the
field current is distorted and differs from its reference. An
error Yz, can occur due to inaccurate parameters of the model
or to a drift or offsets in the voltage integration, on which the
sensorless model is based.

Depending on the sign of the error yg,,,,, the phase of the
additional component of the field current that results from the
injected test signal differs by 180° (compare Fig. 2 a and c)
and can be analyzed for obtaining more information about the
position error. It is important to point out that for gaining a
measurable response in the field circuit, slow dynamics of the
current control in the excitation system is required. Otherwise,
the control of the field circuit will consider the current
produced by the test signal to be a disturbance and would try
to reject it. Fortunately, in practical MV-EESMs the current
control of the exciter is rather slow.

For the automatic correction of the angular error it is
convenient to define an “indicator” as a single variable that
contains as much information as possible about the error that

is considered. Thus a variable y is introduced that fulfills this
function and bundles the information contained in the field
current in just one quantity and is defined by multiplying the
error signal (ir-i, ) with the per unit value of the test signal:

. L i:;xr (t)
,y(t)=(zf—l/)-—A €))

test

i:t’.vf (t) = lAtE.Yf ’ Sin (Zﬁf;Eftt) (2)

with: y(¢) the proposed indicator, 7, the amplitude of the test
signal and f;,; the frequency of the test signal

The indicator y(f) defined in this manner becomes zero if
the error yg,.,=0. For negative errors yg,,,<0 the indicator
function pulsates and exhibits a negative mean value,
conversely for yg,,,,~0 the mean value of y(z) becomes positive
(Fig. 2). For the proposed procedure the mean value of y(r)
builds the base for the correction of the error and therefore
only the filtered value of y(7) is utilized (yz;) and it is acquired
with the help of a continuous window integration over the last
period of the signal.

III. CORRECTION MECHANISM

The indicator defined above allows the correction of an
already estimated rotor position. As explained at the beginning
the screening effect of the damper winding as well as the low
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Fig. 3: Adaption of the stator flux obtained by the voltage-model in encoderless operation at a) high-speed and b) low speed



sample time for the field current measurement demands a low
frequency test signal (20... 100 Hz) with the evident drawback
of a slow dynamic. Therefore, this method cannot be used
alone for the encoderless control. Especially for dynamical
changing loads, the procedure fails. However, if the proposed
indicator is combined with a method that exhibits good
dynamics in the high velocity range the advantages of each of
the schemes compensate the drawbacks of the other.

Hence, the rotor position can be estimated with a standard
scheme and in the region of low mechanical velocities it is
continuously adjusted in an additional adaptation loop by
using the proposed indicator.

Fig. 3b shows the structure of such a combination of a
Model Reference Adaptive System (MRAS) together with the
proposed correction. To understand the proposed scheme, first
the operation at high speeds, without angular correction by the
indicator is explained (Fig. 3a) [4]. In this scheme, two
machine models are calculated simultaneously: the voltage
model, which serves as the reference model and the current
model which is adapted. The current model requires the
(identified) rotor position y; as input, which is obtained by a
phase locked loop (PLL). This PLL adjusts the identified rotor
position y; in such a way that the stator flux space phasor that
is calculated by using the current model ¥, is aligned with
the reference stator flux ¥, ; that is calculated by the voltage
model. Thus, the rotor position is correctly identified.
However, the voltage model needs to be damped in order to
overcome the well-known drift problem of the open voltage
integration in the low frequency range. In the present proposal
the current model suppresses the offset drift inherent to the
voltage model by slowly adjusting the absolute value of stator
flux computed by the voltage model to the one obtained by the
current model (Fig. 3a right). The time constant 7 of this
correction can be chosen very large, as only the weak drift of
the voltage model needs to be compensated. This mechanism
has a corrective effect on the amplitude of the space phasor of
the stator flux ¥, ;, but not on its phase gy, ;. Therefore, in the
low velocity range and especially in stand still the correction
of the phase is mandatory.

This is indeed the main contribution of the present
proposal: to achieve the adjustment of the phase ¢y, of the
flux space phasor by applying the idea explained above. As
described in the last section the filtered indicator yz; provides
the information about the error of the rotor position yg,,,, and
can be used for its correction. However, the correction of the
identified rotor position y; has to consider that the y; value is
also adjusted by the PLL as shown in Fig. 3a. Thus the PLL
would act against the correction and set the phase to the old
value within few sample times. Yet a further analysis of the
structure of Fig. 3a indicates that in case of a perfect current
model with correct values of the parameters an estimation
erTror yg,., can only occur, when the voltage model computes
an erroneous value of the stator flux space phasor ¥'; ;. Hence,
the proposed indicator yz, will be used for reducing primary
the angular error of the voltage model as shown in Fig. 3b and
as a consequence the error in the identified rotor position will
also be reduced.

This correction is achieved by continuously rotating the
stator flux space phasor ¥;, with the correcting angular
velocity w,,,, directly derived from the measured indicator
value yp; as:

@,, =21 ——k, (3)

Thus, the indicator yp;, is first normalized to its maximum
value yry;mae in order to ensure same dynamic behavior of the
correction mechanism for different machines. Being yz; yua. the
indicator value when purposely injecting the test signal in the
d-axis (e=0°). This value can be measured once during the
commissioning of the drive. The resulting constant £,
determines the dynamic of the correction. As an example, the
standard value k,,,=1.0 1/s rotates the stator flux with one
revolution per second when the maximum indicator (at an
angular error of yg,,,,=90°) is present.

The correction is performed with the same sample time 7
used for the calculation of the voltage model. During a sample
“k”, first the voltage integration as shown in the block diagram
in Fig. 3a is performed (eq. 4) and the resulting stator flux
space phasor is stored in the variable ¥’; y(k+1). Then, this
value of the stator flux space phasor is rotated in a second step
by the angular value “w.,, Ts” to achieve the correction of the
phase of the stator flux, based on the indicator value (Eq. 6
and Fig. 4) according to the following equations:

, . AY (k)
V', (k+) =Y ,(k)+ gl—ng]—T - T, 4
AY (k) =Y, ,(kh)=-"Y, (k) (5)
Y (k+) =W (k+1)-" " ©)
with:

u;: Stator voltage space phasor

i;:  Stator current space phasor

R,: Stator resistance
7. Time constant of the correction by the current model

In that way the value of the stator flux space phasor for the
next sample “k+1” is obtained.
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Fig. 4: Correction of the phase of the stator flux space phasor




If the rotor position is identified correctly, the indicator yz;
and finally w,,, ideally become zero and thus no rotational
correction is performed. In this case, only the corrective effect
of the current model is active which eliminates the offset drift
in the absolute value of the stator flux obtained by the voltage
model. However, if an angular error is identified by the
indicator yp;, the phase of the identified stator flux space
phasor is adjusted as well, until the error becomes finally zero.

IV. MEASUREMENT RESULTS

To validate the new encoderless approach, measurements were
carried out on a test bench for medium voltage drives
containing a conventional medium voltage inverter which feds
a direct excited synchronous machine with damper winding.
Unfortunately, the coupled load machine (induction machine)
exhibits a lower nominal torque so that the synchronous
machine could not be loaded with more than Y4 of its nominal
torque. The inverter and machine data are given in Table 1 to
3. Fig. 5 shows a photo of the test bench.

Table 1: Inverter Data

Name ACS 6000
Topology 3-Level NPC inverter Sy 3MVA
with IGCTs
I-measurement 10Bit, Range: £1228A Uy | 4670V
Table 2: Synchronous Machine Data
Py 1.0MW ny 225min’! Sy 15Hz
Ux 3300V Iy 186A cos gy 1.0
Table 3: Load Machine Data (Induction Machine)
Py 870kW ny 712min’! fy 60Hz
Uy 3300V Iy 200A cos gy 0.8

For practical reasons the developed adaptation procedure
was applied to a stator current control scheme according to the
proposal of [4]. This scheme is known as DMCC (DFLC
Modulator Based Current Control with DFLC as abbreviation
for “Direct Flux Linkage Control®), it has a high similarity to
DTC (Direct Torque Control). In principle, DMCC is a
hysteresis control of the machine stator current, which sets the
actual inverter switching state according to the state of the
hysteresis control. Like all hysteresis controllers it leads to a
variable switching frequency, in which the average value of
the switching frequency is adjusted by the hysteresis bands.
For the present research, this current controller was used
because it could be easily implemented in the existing DTC-
based drive without the need of changing the modulator.
However, the principle idea of the encoderless proposal can
also be applied to a field oriented control scheme or to any
other current controller.

The first task to be accomplished is the proper choice of the
test signal. Fig. 6 depicts the resulting reference values for the
components of the stator current space phasor in dg-
coordinates with the added test signals as well as the
corresponding values of the actual current components. The
test signal has a frequency of 20Hz and the hysteresis control
is tuned so that an average switching frequency of 150Hz
arises. As it can be appreciated in the measurement results, the
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Fig. 5: Test bench for medium voltage drives

Fig. 6: Test signal quality, f.s=20Hz, avg. switching frequency: 150Hz
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actual value of i; and i, can in principle follow the reference
but there are significant discrepancies between the desired and
the actual trajectories. The frequency of the test signal can
certainly be increased but the width of the hysteresis control
has to be correspondingly adapted to limit the average
switching frequency. The resulting signals are thus of lower
quality and the identification results that can be achieved with
a test signal of higher frequency are not satisfactory.
Conversely, the frequency of the test signal can be decreased
and the quality of the signal and of the identification results
become much better. However, this selection has a detrimental
effect on the dynamic of the encoderless control. The utilized
frequency of 20 Hz represents a compromise between signal
quality and dynamics of the identification procedure. As a
matter of fact, a high frequency of the test signal accompanied
by high switching frequency is preferable, but it has to be
taken into account that a MV-Inverter has the constrain of a
limited switching frequency.

The choice of the test signal amplitude is a tradeoff as
well. Of course, a higher amplitude of the test signal leads to a
more pronounced reaction in the field circuit, easing the
identification procedure. However, as the test signal is injected
in the g-axis of the machine, it also generates an undesired
torque component. For higher test signal amplitudes the torque
and finally the shaft oscillation will increase, leading to a
rough operation of the drive. Under no load condition, a test
signal amplitude of 10% of the nominal machine current also
leads to a ripple of 10% of the nominal torque. If the load is
increased the torque ripple is lightly reduced (assuming a
classical control of the machine with cos ¢=1). On the other
hand, decreasing the amplitude will not only reduce the

reaction in the field winding but the test signal quality is
reduced as well. This is because the inverter cannot follow
fine changes in the current reference signal while working at a
low switching frequency. Our experience in the lab points out
that a test signal amplitude of 10% of the nominal machine
current leads to the best tradeoff between signal quality,
response in the field current and unwanted oscillation of the
shaft.

In a second step the sensitivity of the indicator i.e. how
pronounced is the influence of the injected stator current on
the field circuit has to be examined. For this purpose, the
machine was run under DMCC control and the 20Hz test
signal with a phase angle ¢ with respect to the real d-axis of
the machine was added to the references of the stator currents
(Fig. 1) and impressed by the control. An encoder was used
for the measurement of the actual rotor position and the phase
¢ of the impressed current space phasor was slowly increased
(360° in 20s). The resulting filtered indicator ys, can be
plotted as a function of the phase angle ¢ as depicted in Fig. 7.
This measurement shows that despite of the low quality of the
resulting test current in the stator winding, the obtained
indicator g, is suitable for being used in the correction
method aimed in this work.

The real advantage of the adaption procedure presented in
this work is the enhancement of the model based sensorless
control schemes in the low velocity range. Usually speed
reversal is possible by using a voltage model based control,
providing that the riding through zero is fast enough and the
voltage integration does not drift. Although the correction with
the indicator ¢ can be applied in such cases, it does not result
into a significant improvement. Different is a slow reversal or
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the persistent operation at low velocity. If such speed profiles
are required, the sensorless schemes based on the voltage
model fail but if complemented by the correction proposed
here they can work under low speed profiles. Fig 7 illustrates a
speed reversal from +40min™' to -40min™ in 80 seconds. The
torque on the machine under test was controlled to a constant
value and the velocity profile was realized with the load
machine in the same test bench. Fig. 8 shows the performance
under same conditions but at standstill (small variations in the
rotor angle are caused by the non-ideal velocity control of the
load machine).

The measurement results demonstrate that the synchronous
machine can be operated without encoder in the low speed
range for unlimited time. The identified rotor position y; does
not drift away and can be kept stable. The angular error yg,,,
is depicted for the assessment of the quality of the
identification procedure. The error exhibits a high ripple with
a maximum value of 30°. Although the mean values of the
stator current components follow their references they and as a
result the torque present strong undesired oscillations.

The moderate quality of the identification procedure for
the enhancement of the sensorless control can be attributed to
the low frequency of the test signal that yields a slow dynamic
behavior. Of course, an increase of the frequency of the test
function alleviates this problem but is not always allowed.
Especially in high power MV drives the maximum switching
frequency has to be limited due to thermal constrains. As
mentioned above, raising the frequency of the test signal
without the corresponding increase of the switching frequency
makes things even worse.

V. CONCLUSION

A novel encoderless control scheme for medium voltage
electrically excited synchronous machines suitable for the low
speed range was introduced. The approach is based on the
injection of a low frequency test signal in the stator winding
and the evaluation of the response in the field circuit for the
correction of a combined voltage-current-model based control.
Measurement results on a conventional medium voltage drive
validate that the machine can be operated in the low speed
range or at standstill for unlimited time. Due to constrains in
the switching frequency of the inverter, the frequency of the
test signal has to be kept at a rather low value of 20Hz. With
this test signal frequency the dynamic of the angular
correction is quite low and leads to a moderate performance
regarding the accuracy of the identified angle. However, a
stable operation can be guaranteed, as the identified angle
does not drift.
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