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Abstract

This paper discusses the position sensorless control of a salient-pole synchronous-reluctance machine
(SynRM) whose performance is analysed. Depending on the rotational speed of the machine different
methods have to be applied. At low-speed range the INFORM method is used, which is based on the
magnetic anisotropy of the rotor. At high-speed range two different methods are implemented and com-
pared. The first method is the Back-EMF model, which is based on the flux estimation by integrating
the induced voltage. The second method, the short-circuit method, directly uses the measured electrical
quantities to calculate the rotor position. No further integration or other dynamical operations are nec-
essary, which increases the dynamic of the position sensorless control model. These mentioned position
sensorless control methods were implemented and tested on a prototype to verify the performance of
each algorithm.

Introduction

Synchronous Reluctance machines (SynRM) have become very popular for industry in the last years.
This is caused by the simple, robust and low-cost setup of the used rotor design. Furthermore, the
higher efficiency compared to the widely used induction motor (IM) is a major benefit of this motor
type [1, 3, 4, 9]. Especially the SynRM in salient-pole configuration (see Fig. 1a), which is discussed
in this paper, has an efficiency advantage over the flux-barrier rotor in the low-load range [7]. This
advantage is caused by the current-independency of the rated quadrature inductance /; , compared to the
flux-barrier machine [8]. Combining this efficiency advantage with the replacement of the rotary encoder
by mathematical equations leads to a competitive system for many drive applications.

Tab. I lists the key-data of the used prototype.

Maximum shaft power 185W
Maximum shaft torque 0.6Nm
Nominal shaft speed 3000rpm
Line current 1.5A RMS
Line voltage 162V RMS

Table I: Key data of the SynRM—prototype
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(a) SynRM rotor with salient poles.

(b) Measured fundamental rated inductances as a
function of rated current components iy 4 and i 4.

Fig. 1: Salient pole SynRM—prototype.

Mathematical model of the SynRM

The common way to describe a SynRM is in the dg-reference frame. The direct axis (d-axis) is aligned in
the direction of minimal magnetic reluctance, where the quadrature axis (g-axis) is aligned orthogonally
to it. Because of the lack of permanent magnets the flux-linkage equation can be easily given by equation
(1) and (2).

Vs.d :ls,d (is,d) is,d (1)

Wsg =lsq(isg)isg = s qlsg (2)

The variables /; 4 and [, , represent the rated inductances of the motor, where their current dependency is
shown in Fig. 1b. In the case of a salient pole SynRM the cross-coupling between the d- and the g-axis
is negligibly small and can be ignored. With this machine specific equation the rated stator voltage can
be described in the usual way as shown in eq. (3) and eq. (4).

. . disa :
Us g =Fsls g+ ls,d(ls,d) dié — Oy ls7q lsq 3)
Ug g =Fsisg+1 @ﬂol (isq)i “)
siq TTslsg T hsa™ g m Ls.d\ls,d) ls,d

The rated stator resistance is represented by ry, where ®,, symbolises the rated motor speed. Finally the
rated torque of the SynRM is given by eq. (5).

t=—1Im (WSE;) = (ls,d(is,d) - ls,q) is,d is7q (5)

Position sensorless control methods

The choice of the position sensorless method mainly depends on the speed of the SynRM. For the low
speed range the INFORM method is used [12]. This method is based on the rotor saliency, which is
given by the difference of the inductances /s 4 and [, , (see Fig. 1b). At higher speeds the method must
be changed to an EMF-based algorithm like the Back-EMF or the short-circuit method.
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The INFORM method - Low speed range

The INFORM method is an anisotropy based position sensorless method [12]. It benefits from a large
difference between the direct inductance /4 and the quadrature inductance [ 4, which is the also the
main torque generation principle of the SynRM (see equation (5)). In the case of the salient pole SynRM
a minimal difference of the inductances is always given (see Fig. 1b), what makes the INFORM method
easier to handle compared to the flux barrier machine [10]. Basically, the rated inductances /s o, /g and
ls op contain the information of the rotor position angle y. In order to keep the calculation as simple
as possible, the inverse inductance, the reluctance, is calculated. This reluctance is proportional to the
current-slopes on which the INFORM calculation is based. Each PWM cycle the INFORM trajectory
¢;nr 1s calculated as shown in eq. (6).

3

AiU AiV j(4n) AiW J(Zj)
e T . 3
EINF At * At ¢ At ¢ ©
A special PWM pattern generates the corresponding current-slopes to avoid interruptions of the current
control caused by additional injected voltage pulses [6]. From the INFORM trajectory the rotor position
angle Y can be calculated as described in eq. (7). Fig. 3a and Fig. 3c show the characteristic INFORM
trajectories at no-load and at full load.

2vive =arg (cyr) (N

The INFORM method was tested on the prototype SynRM which was externally driven at constant
speeds varying the torque to analyse the whole operating area. Fig. 2 shows the standard deviation ¢ of
the position angle error AY = Yijnr — YEncoder @S @ function of the rated torque ¢ at different speeds .
The probability density function (PDF) of the angle error is shown in Fig. 3b (no-load) and in Fig. 3d
(full load).
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Fig. 2: Standard deviation ¢ of the INFORM angle error as a function of the rated torque for several
speeds.

The INFORM method used on a SynRM motor has an inherent advantage caused by the same major
principle, which is the necessary difference between the direct inductance /s ;s and the quadrature in-
ductance I; 4. Especially in the case of a salient pole rotor there is no minimal saturation current in the
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(a) INFORM trajectory ¢y at 100rpm and (b) Probability density function of the sensorless angle er-

at no-load. ror Ay at 100rpm and no-load (u = —0.699°, ¢ = 2.82°).
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(c) INFORM trajectory ¢y at 100rpm and (d) Probability density function of the sensorless angle er-
at full-load. ror Ay at 100rpm and full-load (u = —0.264°, 6 = 6.35%).

Fig. 3: Experiments regarding the INFORM method at 100 rpm.
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g-axis necessary (is4 min = 0) to get enough saliency compared to the flux barrier rotor [10]. With a max-
imum standard deviation of the angle error Ay less than 6.5° a sufficiently accurate sensorless method is
achieved.

The Back-EMF method - high speed range

The Back-EMF method estimates the flux-linkage space-vector v, which is rigidly connected to the
rotor. For this purpose the induced voltage is integrated as shown in eq. (8).

i’s,(xﬁ :/ (H.Y,GB - rsl.sﬂ[g) drt -

The offset angle in the dg-reference frame, which results from the flux generation of the SynRM (see
eq. (1) and eq. (2)), has to be subtracted to get the position of the d-axis of the rotor as shown in eq. (9)
[5, 6].

o 2 (3,0p) (.,

The major problem of this method is that there has to be a minimal flux-linkage in the motor to calculate
the rotor position. This fact is a big problem in the case of SynRMs. Because of the lack of permanent
magnets the flux-linkage has to be generated by the stator current. Fig. 4 shows the capability of the
SynRM to produce flux-linkage. The reference flux-linkage  ,.r was calculated according to eq. (1)
and eq. (2) and the non-linear inductances (see Fig. 1b), where the measured flux-linkage g . was
determined by eq. (8).

0.4 T 1.2 T
> i >
Ws.act Ws.act
== Wsref - W et
g .
S — | x..
x.. gl X
X..
> oa2f . 12 el
F 7 X
G 0 e Beeeee st
SRS N 40 il < S5 L.
0.1f | 4
X 0.2} x
0 Il Il N Il Il Fi 0 Il Il Il Il Il Il
0 0.1 0.2 03 0.4 0.5 0.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
isd, Wsa isds Wsd

(a) Measured rated flux-linkage at 2000rpm and low (b) Measured rated flux-linkage at 2000 rpm and full-
load, |i;| = 0.3. load, |i,| = 1.0.

Fig. 4: Capability of flux-linkage generation of the SynRM with salient poles.

Obviously a minimal direct current is 4 uin BEMF 1S Decessary to produce enough flux-linkage. The reason
why a minimal d-current is needed is because of the larger inductance in the d-axis compared to the
g-axis (Isq > I 4) (see Fig. 1b). Thus, a minimal direct current of is g min.semr = 0.7 was applied to
operate the SynRM as a virtual permanent magnet synchronous motor (VPMSM) [2]. This operation
mode increases the stability of the Back-EMF model significantly which however reduces the efficiency
of the motor in the low load range [5, 6].

Experiments on the motor verify the functionality of this algorithm, where the motor was driven at
constant speed and the SynRM was in a torque controlled operation mode. Fig. 5 shows the standard
deviation of the position angle error AY = Ypemr — YEncoder @S @ function of the rated torque ¢ at different
speeds .
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Fig. 5: Standard deviation ¢ of the Back-EMF angle error as a function of the rated torque for several
speeds.

Because of the quite high minimal direct current i 4 uin gemr = 0.7 there is a very low dependency on
the load, caused by the nearly constant magnetic operation point of the SynRM. Fig. 6 demonstrates this
fact by comparing the probability density function (PDF) of the position angle error Ay at no-load and at
full load.
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(a) Probability density function of the sensorless an- (b) Probability density function of the sensor-
gle error Ay at 1200rpm and at no-load (u = 0.263°, less angle error Ay at 1200rpm and at full load
6 =1.57°). (u=—0.485° 06 =1.57°).

Fig. 6: Experiments regarding the Back-EMF method at 1200 rpm.

The Short-Circuit method - high speed range

The Short-Circuit method is an EMF-based algorithm which does not need any information of the stator
voltage of the SynRM [13]. This is achieved by using the short-circuits of the PWM pattern which clamp
the stator voltage to u, = 0. The derivation of the Short-Circuit model starts with the transformation
equation of the current-slope space vector % i, from the d g-reference frame to the a-reference frame,
see eq. (10).

d d ;
. . . j
ELS,OLB _%ls,dq'e ! (10)
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Calculating the argument of this equation and transforming it to the wanted rotor position angle ¥ results
to eq. (11), which represents the basic equation of the Short-Circuit model.

d . d .
Y=arg <d‘Cls’aB> —arg <d,cls,dq> (11)

So far the determination of the current-slope in the of3-reference frame can easily be done by the current
measurements. For the current-slope in the d g-reference frame we have to take a look at the stator
voltage eq. (3) and eq. (4) (assuming r; = 0) in the case of a short-circuit.

d .
Usaqg = 0 Es,dq + ‘]O)mys,dq 12)

Tdt

After transforming eq. (12) to % . and inserting the flux eq. (1) and eq. (2) we get eq. (13).

v,

7 (ls,d Isa+ ] ls,q ls.,q) =—J]0n (ls,d Isd+ ] ls.,q ls,q) (13)

=0y (ls,q is.,q - jls,d is,d)

Next the comparison of the coefficients leads to an expression for the current-slope in the d g-reference
frame as shown in eq. (14).

dt lsd

B

d . lsq . sa
7ls,dq =0y, <S(] lsg—J lzi ls,d) (14)

Finally, inserting eq. (14) in eq. (11) leads to the wanted equation of the rotor position angle vy, see
eq. (15).

d 12 .
Ysc =arg <dtis,a[s> — arg () + arctan <;2‘1 l”) (15)

S,q9 lqu

To verify this theoretical approach the Short-Circuit model was implemented on the prototype drive
system. The SynRM was externally driven at constant speed by the test bench motor, where the operating
point was varied by the torque controlled SynRM. Fig. 7 shows the standard deviation ¢ of the position
angle error AY = Ysc — Yencoder @S @ function of the rated torque ¢ at different speeds ,,.

Obviously the Short-Circuit model works better at higher loads, which is caused by the larger current-
slopes % i;. In the no-load case a minimal direct current i; 4 uin s5c = 0.2 is necessary to keep the method
working. These current-slopes are essential for the Short-Circuit method (see eq. (15)), which are plotted
in Fig. 8a and 8c. Fig. 8b and 8d show the corresponding probability density functions of the position
angle error Ay.

The major systematic benefit of this method is that no information of the stator voltage i, is necessary,
like needed in [11]. The measurement of the voltage would require additional voltage sensors, which
increases the costs of the drive system, where the use of the target voltage of the current controller
leads to uncertainties at lower voltage levels caused by the dead-time of the PWM module. Another
big advantage, compared to the Back-EMF model, is that there is no need for an integration process
in this method. Especially at low speed the integrator of the Back-EMF method has to deal with drift
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Fig. 8: Experiments regarding the Short-Circuit method at 1500 rpm.
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phenomena, which reduces the stability of the dynamic system dramatically. Each time calculating the
Short-Circuit method a current rotor position angle is estimated, which results in an independency of
previous calculations of this sensorless method.

Position sensorless speed control

Finally, a speed controlled drive system was implemented, which covers the whole speed range from
standstill up to 3000rpm. Fig. 9a shows the test sequence of this operation mode which starts at stand-
still, accelerates up to 3000rpm to brake down the machine to standstill again. Hence, the SynRM is
successfully tested in a motor as well as in a generator operation mode.

12 ; 25

— torque ul ‘
Ir speed || Mean = —0.813°

0.8 B Standard deviation = 7.11°
. ok
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(b) Probability density function of the sensorless
angle error Ay of the dynamic test (u= —0.813°,
c="17.11°).

(a) Start up with high inertia moment up to 3000 rpm
and back to standstill.

Fig. 9: Position sensorless speed control test sequence.

At low speed the INFORM method is used to estimate the rotor position angle y. From a speed of
o, = 0.25 the angle error comes into an unacceptable range, thus a change of the sensorless method is
recommended. Because of stability, accuracy and efficiency reasons the Short-Circuit model was chosen
for the high speed area. The change of the model can also be seen in Fig. 9a, where the noise of the
speed signal ®,, is abruptly reduced. Fig. 9b shows the probability density function of the rotor position
error Ay over the whole test sequence. With a dynamic angle error standard deviation of 6 = 7.11° a
sufficiently accurate sensorless operation for most applications can be achieved.

Conclusion

This paper presents three types of position sensorless methods to increase the economical benefit of the
synchronous-reluctance machine in salient-pole configuration. At low-speed range, including standstill,
the INFORM method is implemented. This position sensorless control uses the magnetic anisotropy of
the rotor, which is the inherent function principle of a reluctance machine. At higher speeds the Short-
Circuit model is the recommended sensorless method. Compared to the Back-EMF model the minimal
is.¢ 1S much smaller which increases the efficiency benefit of the drive system significantly. Also the
robustness of the Short-Circuit model is better than the robustness of the Back-EMF model. Future
works will focus on analysing the problems of the position sensorless operation of a SynRM using the
Back-EMF model.
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