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Control, Reluctance Synchronous Machines estimation. However the performance of this method at highe
speeds and under load conditions is thus still unknown. &hes
aspects are investigated on a reluctance synchronous meachi

Abstract (RSM) drive. The RSM is known to be robust and comparably
efficient under correct control algorithms [3]. Another esp

In this paper a simplified and stable high frequency injectithat receives attention in this paper is the dynamic peréorce

sensorless control method for reluctance synchronousinmclof the simplified method.

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 nag HF carrier inj ection method

nitude decrease. Previous work presented accurate ppstio

timation at very low speed under no-load conditions. The prig, this method a high frequency voltage vector is superiragos

posed method is evaluated under various different loadiconghto the fundamental control voltage vector in the estighate

tions and at high speeds. The performance of the propog@gotropy reference frame. An amplitude modulation sehem

method is compared to the performance of the drive while y$ysed to track the saliency induced by saturation alongxfe

ing a rotary encoder. Experimental results show that therseh orthogonal to the injection axis [9]. This enables the deutad

is stable under various load conditions and delivers gooi®pe tion scheme to track the anisotropy position of the rotor THe

mance. anisotropy in a reluctance machine rotates at the sameangul
frequency as the rotor.

1 Introduction _ _

2.1 High Frequency Machine M odel
Position sensors for electrical machines are expensiverend .
duce the reliability of the drive, not only because of thesgen The RSM can be modelled in the synchronous rotor reference
itself, but also because of the link between the sensor aadffame lq) as in Equation (1), where!”) = [“Sd] is the stator
controller. The high frequency (HF) injection sensorlesthnd ' Usq
has received a lot of attention throughout the years and @as\pyjtage i(”) = zSd the stator current angt, the stator resis-

s

come a popular choice for synchronous machines, due toikts ab q
ity to estimate the rotor position at standstill. tance. The angular speed of the synchronous reference fsame

represented by. Superscript r denotes quantities in the rotor
Conventional HF injection methods as explained and usedff®¢d synchronous reference framig).

[7],[9] and [10] amongst others, make use of a band passifilter

the demodulation scheme, followed by a low pass filter. Itives . g™
gations by [11] show the possibility of a simplified demodida u = R 4L =
scheme by omitting the conventional band pass filter. Eikkan

have a negative effect on machine control. In some casesfiltkis an orthogonal rotation matrix afdis a transformation ma-
can also cause unnecessary magnitude decrease of the eteal§ix used to transform vectors from one reference frame to an
signal. Digital implementation of filters causes time delay ~ other.

—wIL™i( (1)

(@)

In [11] the estimation capabilities of the scheme are aralys 0 0o -
with and without the band pass filter on a PMSM drive. Mea- 1 0
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Evaluating Equation (1) at high frequencies that are bodnde 50 ‘f“ {l‘ ﬂ
as by Equation (6), wherg, is the sampling frequency ang y "Y‘N M,Im I
is the maximum operating fundamental frequency, the nesist 45 03 0 03 05
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and speed voltage terms fall away due to its small magnitudes
compared to the inductance term [4]. Equation (1) simpliides

(7) where subscript 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].

Figure 2: DFT of applied voltage

Usually stator current measurements are used as feedbask, t
2 fo — 2w the measured current is used to calculate the actual aoyisotr
S ks

2wy < wpp < (6) position. Equation (7) can be rewritten as in (9). Equat®yrig

2 the current response in the actdalreference frame. The cur-
ditm) rent can only be measured in the estimadedeference frame
uly) = '—(T)ﬁ (7) given by Equation (10) [4]. The current in the rotor referenc
frame is transformed to the stationary reference frame by th
2.2 Alternating Carrier Injection actual rotor position. This is the current that is measured.
An alternating carrier voltage is applied to the estima&sad axis i) o /u(r)chf )
(d-axis) in thalq- reference frame at a constant carrier frequency ¢ e
we [1] [4]- The vector is kept in alignment with the observed
d-axis which is real [7]. Figure 1 shows the discrete Fourier i = ig?e*jée — igz)ej(f?e*ée) (10)
transform of the injection voltage,.cos(w.t) at3 kHz with a ()1 )
sampling frequency of0 kH z. The frequency spectrum of the — Lsm(wct)ei(ee‘ee) (11)
applied voltageuq + uccos(w.t), is shown in Figure 2. Itis We
clear that the injection voltage is significantly smalleartthe . . .
applied voltage. The estimation error can be representedMy = 6, — .. If

Ad, is small enough and if the closed loop system is in steady
The injected carrier voltage (8) is always transformed tosfa- state i.e. the estimated angle tracks the actual angle, it is
tionary reference frame by using the estimated electrioal-p reasonable assumption that’2% is nearly time invariant. If
tion, 6. [7]. Equation (8) is in the stationaryy(3) reference —i2% is indeed almost time invariant it will not result in a fre-
frame as indicated by superscripy. Estimated values are repguency shift and thus only scale the frequency componehts. T
resented with a hat. assumption can lead to simplificationssaf.(Af,) ~ Ad, and
cos(Af.) =~ 1. Itis necessary to transform Equation (5) to the

(s) — j6e
U = UeCOS(wet)e 8) estimated rotor frame using Equations (12) and (13).

LO =1Lt (12)
80 .
7 _ C(?S(AGE) —sin(Ab,) (13)
o sin(A0,)  cos(Ab,)
al Simplification of the mathematics leads to:
< 50
g ) _ cos(2A0,)  sin(2A6.)
%40 L =Ll + AL [sin(QAGe) —cos(2A0.) (14)
= 3ol
20l whereL,, = (Lq + L4)/2 is the mean position independent

inductance and\L = (Lq — L,)/2 describes the magnitude of
the saliency [4] [6].] is the 2x2 identity matrix. The inverse
of Equation (14) is derived in Equation (15) [4]. Substitgti
Equation (15) into Equation (11) and applying assumptias a
noted above the current in the observed synchronous rgtatin
Figure 1: DFT of HF injection voltage reference frame is derived as in Equation (16) [4] [6].
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components are rejected by a low pass filter after applyiag th
1 trigonometry identity of Equation (18) the low pass filteicza-
LM-1 T [Lml + AL [ rent is described by Equation (19).

—cos(200.)  —sin(2A0.)
= i) |

—sin(2A6,)  cos(2A8.)
(15)
() _ Uesin(wet) I cos(2A6.) (7 Ue 1] cos(2A0.)
'sc LyLgwe [Lm o| ~AL sin(2A60,) } (16) 'Lpr = 2L4Lqwe [Lm o| ~AL sin(2A6,) ] (19)
It is now clear that the second term on the right containsrinf
mation regarding the position estimation error and is gfpn
dependent on the magnitude of the saliency.

Further simplifications as discussed earlier lead to:

(M U 1y 1
or = 5pr L M AL [2 A 96] | o
2.3 Sensorless Control Approach Equation (20) indicates that the g-axis current componetite

The symmetrical spectrum in Figure 2 suggests that the pmﬁtim_ated rotor refer_ence frame becomes zero Whgn the rotor
ing vector can be interpreted as superposition of two mugatiPOSition angle error is zero [2]. Thus only the g-axis compo-
vector carriers [9]. The carrier signal appears to lack specN€nt could be processed to acquire the rotor position [2s It

separation which is essential for synchronous refererayadr important to observe that the information of the rotor posit
filtering [9]. strongly depends on the magnitude of the saliefdy[2]. The

error signal will disappear wheb, = L, [2].
According to [8], the spectrum of signal¢) is shifted to the

ier f h Itiplied ot), in E ti . .. . .
(Cf;;{er requency when multiplied bys(wct), as in Equation 2.4 Demodulation of Position Estimation Error

x(t)cos(wet) <= 1[x(w +we) + X (w— we)] (17) Equation (20) shows that the g-component of the current re-
2 sponse is proportional to the estimation erfdt,. This is used
Multiplying the measured current in Equation (16) witkP track the electrical angle in a phase locked loop (PLL} sys
sin(w,t) leads to the derivation of the trigonometry identity dem [7]. The PLL relies on the fact that proper frame orien-
Equation (18). tation results in the carrier current component decougginch
that current only exists in the excited d-axis [9]. The estion

1 —cos(2wt) is in effect an amplitude null regulator [9].

sinQ(wct) I —— (18)
) ] _ ~Tracking an error signal is robust against noise and measzne
When evaluating Equation (18) in the frequency domain it §jerances e.g. the limited resolution of analog to digitaivert-

clear that there is one component at the origin and two comggs in drive controllers [7]. The proposed scheme for séeser
nents at twice the carrier frequency. The effect of the feeqy osition detection is shown in Figure 4.

shift (unscaled with respect to parameters) can be seen in o o ]
Figure 3. As seen in this scheme it is proposed that only a low pass filter

be used in the demodulation scheme. Conventional HF iojecti
The component at the origin can be used to extract the ra{ghemes make use of an extra band pass filter before muitplyi
position. Itis now clear that a simple low pass filter can sa@a ; with sin(w.t). As proven above it is not necessary to use a
this component from the other high frequency components. pand pass filter. The design of the band pass filter is critical

This transformation generates a high frequency curremtasigenSure thatonl;_/ the components around the carrier frequagnac
that is easy to demodulate without referring to machinerparafiltéred out. This requires a sharp roll-off frequency. Hoere
eters [7]. Assuming that the remaining high frequency aurréharp roll-off causes the problem of phase shift.

Additional to the phase shift, filters also cause magnituele d
crease. Filters implementation in ANSI-C causes a timeydela
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Figure 4: Block diagram of alternating HF injection sensssl
Figure 3: Frequency shifted current control



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

Flux Linkage[Wb]

3 Measured Results 05,

Current [A]

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

interface. el T

Inductance [H
o
~

o
N}
T

o

. 4 5 6 7
Pole pairs 2 Current [A]

Nominal power 1.1 kW
Rated current 3.5 ARMS Figure 6: Non-linear characteristics of the RSM
Rated mechanical torque 7 Nm

Rated mechanical speed 157 rad/s
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Table 1: RSM specifications
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Figure 5: Test bench used with the IM on the left and the RSM

on the right o 05 0.1 0.15 0.2 0.25
Time [s]

_
o

As discussed earlier, the error signal is strongly dependen Eigure 7: Electrical position estimation and accompaniedre

AL, thus it is necessary to have a difference in inductancesg ' speed of 0.133
the tracking scheme to work. The measured flux and inductance P B
in thedq reference frame are displayed in Figure 6, highlighting

h -li ity of the RSM. . .
the non-linearity of the RS are summarised in Table 2. These tests are performed by-apply

It is necessary to saturate, to achieve a difference in induc-ing a reference speed at standstill. Figure 8 shows thetsasiul
tance. To saturate,, there should always be a small currenhe 0.933 p.u test.

in the g-axis. To ensure that the difference in inductance is al- )

ways big enough to track the saliendy,was always kept at a 1o further tes_t the dyna_mlcs and robustness of the ser_lsorles
minimum of 1.5 A. This allows the scheme to track the saliendjéthod a series of tests is performed where a reference &peed

position from standstill up to base speed and beyond. applied to the RSM. The direction of the reference speectis th
reversed forcing the machine to change direction and aequir

the same speed in the opposite direction. The results oé thes
3.1 NolL oad Speed Response tests are shown in Table 3. These tests highlight the dynamic

As expected from a HF injection scheme, it is possible toehi Capability of this scheme especially during direction ajen
speeds much higher than base speed at no load using the pro-

posed method. Figure 7 shows the estimated electricaliposit
and the measured electrical position at a speed of GpL33s
well as the estimation error. The estimation error seemse-o - [P-ul Mp 2% Settling Time  Mp 2% Settling Time

Normal Operation Sensorless Control

late around.5°. 0.133 0 0.060 s 24 0.495s

0.667 0 0.058 s 10 0.507 s
To investigate the dynamic performance of the speed cdeityol ~— 0.933 0 0.2075 s 7.14 0.528 s
the peak overshooil{,) as well as the 2% settling time are ex-  1.33 0 0.307 s -15 0.560 s

amined and compared to a scheme that makes use of a rotary
encoder. The results of a series of no load speed resportse tes Table 2: Speed response under no load



0,933} The speed response and the accompanied estimation error are
investigated by applying and removing a load at constaredgpe
0.8f as shown in Figure 9. The estimation error increases osagla
around—10°. This is to be expected under high load condi-
_ 0.6671 tions. During measurements of [9], the estimation erroilosc
E 0.5333 lated around-25° under similar load conditions.
E o ooa
& - 0.87F ‘ ‘ ‘ ‘ ‘ .
0.26667} 8
< 0.73} N
0.133} A R Vo
wn
0.6 ‘ ‘
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Time [s] 3
zo
Figure 8: No Load Speed Response EO'
Normal Operation Sensorless Control El
wr [p-Uu] Mp 2% Settling Time  Mp 2% Settling Time _?_30
0.133 0 0.090 s -28 1.021s f 0
0.4 0 0.151s 5 0.66 s = 1o
0.667 0 0.251s -6 0.829s a ‘
0.933 0 0.359s -4.28 0.816 s JE* 0 1 2 3 4 5 6 7
1.0667 0 0.390's 25 0.969's Time [
1.2 0 0.460 s -2.22 0.801s
133 0 0510 s ) 1035s Figure 9: Speed Response to applied load

Table 3: Dynamic response under no load

3.2 Speed response under load conditions 3.3 Torquecontrol

It is clear that the injected high frequency voltage usesrgaelaOp;riztg]k?lént??;;\algfgtggl\}:i;zzs& rrleiz ?gxoggfé;% ¢
percentage of the DC bus voltage. This can be problematiaarurf:;}{;lse speed. In Figure 10 the RSM apglies a loadefXo the P
load conditions or during rotor direction change, as the DE bIM The 2% .settling of the current vectorig ms

voltage can vary under these conditions. It is thus necessar '

keep the injection voltage as small as possible, but largagm

to extract the position. In this project the applied voltégkept o )
to a minimum of 37% of the maximum limit. 4 Limitsof stable operation

If the maximum DC link voltage is reached, an anti-integrati . o
windup function limits the voltage by stopping the integuat The speed—torque stablllty. of th.e proposed scheme is invest
of the current controller. Unfortunately the addition ofescade ﬁ\?te_l(_jh': rtgsrﬂ:::niosr:ggllew;riz t())?lggedr!;/ig: ?stiﬁf)vsvﬁei?]d:igby 1”;
controller for speed control limits the startup torque urspeeed ™ e . o

P pror These results indicate at what load conditions the methdld wi

control to 0.6 p.u torque. _,
lose track of the rotor position.
Using 37% of the DC bus voltage for high frequency injection
g ) 9 g d yin d he thick solid line indicates the proposed method and titedo

voltage, it is possible to achieve 0.6 p.u torque at rate@dp : , : :
with speed control. Again a series of speed tests are peefbr ne the curve fitted line of this method. The method is coragdar
' to a method used by [5]. As shown in Figure 6 the saliency

as shown in Table 4. ) i .
(AL) disappears at low- and high loads which can cause the
estimation method to lose track of the rotor position. Itleac

Normal Operation Sensorless Control that the scheme presented in this paper is not able to praguce
wr[p.u]l Mp 2% SettlingTime Mp 2% Settling Time  high startup torque as that of [5], but it is able to producghkr

0.133 0 0.145s 0 1.33s torque in the mid speed range up past base speed. The startuy
04 0 0.380s 3.33 2.363 s torque is still high at 1.86 p.u.

0.67 0 0.867 s 0 2.587s

0.8 0 1.286 s 0 16s Figure 11 proves that despite very high torque, the proposed
0.93 0 1.777s 0 1.6754 s method is able to track the rotor position in the entire speed

region of the drive and even beyond the rated speed while op-

Table 4: Speed response at 0.6 p.u torque erating in torque control.
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