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ABSTRACT

The paper deals with the control of the synchronous reluctance machine without position sensor, A method for the
computation of the transformation angle out of termimal voltages and currents 1s presented The mjection of test signals
allows operation at zero speed Fundamental for this control scheme 1s the exact modellng of the machme, where
especially the saturable inductances are of central mterest The accuracy of the angle estimation method over the whole
operating range including field-weakening 15 discussed m detarl. The mmplementation of the angle estimation method m a

rotor-oriented control scheme and practical results are demonstrated.

Key Words. Electrical machines, Synchronous machmes, Reluctance motors, Servomotors,

Modeling, Variable speed drives

1. Introduction

It 1s well known that the synchronous reluctance

machine is an altermative to permanent magnet
synchronous and induction machines. Compared with
permanent magnet synchronous machimes it has lower
costs and can function at very high speed because of the
easier field weakening capability and the rugged rotor If
compared to asynchronous machines 1t has theoretically
no rotor losses and a comparable torque density depending
on the design of the machine

On the other hand, the complexity of the dynammc
equations of the synchronous reluctance machimne 1s
mncreased due to the different magnetic characteristics n
the axis d and q. As a result, the control of synchronous
reluctance machines faces some special problems different
to other AC machines

The vector control of the synchronous reluctance machine
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leads to structures where the saturable mductances Ly and
L are of central mterest Particularly m sensorless control
schemes the model of the machine and its parameters
should describe the system as good as possible In the case
of the synchronous reluctance machine the obvious
sensoriess control method 15 to evaluate the magnetic
unbalance of the rotor The presented method 1s confirmed
by experiment. For the experimental work a commercial

available machine was used.

2. Mathematical Model

The synchronous reluctance machine can be described
by the following well known set of equations 1n the d-g-
reference frame

d
g =Ry +*:|;Td*(40‘lf'q . Wa=Lilg 0

dyiy
uq:Rézq+7+m\pd , Wy=Lgy,

M, =§p(Ld Ly iaty )
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The won saturation can be easily considered by
assurmung the inductances dependent on the currents Since
the cross coupling 1s taken into account each mductance 1s
dependent both on 15 and 1

Wa=Laltgiy) ty

4)
Wo=Lq(ta.ig) 1y
Hence by using the derivation rules (1) becomes
dId aLar dlq
Uy =Ry +Ly—+i;) —— |-l
o std ot ds d[@l dt atq
d aL‘f" ©)
I diy
u, =Ry, +Ly—+1,| — =% |+ Ly
@I g q(ﬁzd d ] <
with
Ldt:Ld-HdaL—d
Oy
oL (6)
Ly=Ly+1,—+
gt = Hg Ty ai,

Equation (5) and (6) can be mterpreted as follows
The mductances Lg and L, determine m steady-state
operation the mean value of the mmduced voltage and the
torque The transient inductances Ly and Ly affect the
changes of current and flux and an additional term
dependent on the grade of cross coupling creates a
transient disturbance voltage,

Fig. 1 shows the measured machine parameters The
inductances are the result of a current decay test [',

L il

W 20 W A 30

Fig | Stationary inductances L, L, and transient inductances
La, Ly measured with a current decay test

3. Estimation of the Transformation Angle

Amm of the presented sensorless control scheme 1s to
calculate the transformation angle out of the termunal
voltages and currents. The basic requirement for this kimd
of domg 1s an accurate machine model, provided with the
measurements 1n [1]. The estimation of the rotor position
angle v will be carried out by using the developed non-
linear and deferministic model and a test signal i the
lower speed range
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Equation (5) can be expressed in terms of the measured

currents and voltages (U, V)

ag smy,)+by cos(y,)=

ag sy, )+b, cos(y, )= D
where, a4, 84, bg and by are the coefficients according to (8)
and y. 1s the rotor position angle to be estimated.

The currents mn the terms 14 OL4/81, and 1, 6L,/814 are not
converted to UVW-coordinates because otherwise the
equations cannot be solved for ye. For the machine
parameters L, Lq, Ly, Lq the respective values calculated
with the currents 14, 1, of the previous control mnterval are
used

After the calculation of the coefficients ay, by, aq and b,
out of the model parameters of the previous control
interval and the voltages uy, uy and currents 1y, 1y of the
actual control mterval {7) can be solved for y,’

by
—atan| —L for ay,=>0
Gdg

Yel = b
~atan| =L |47 for ag4 <0 9
ad’q

Ye2 = Vel + T

Equation (7) has two possible solutions ¥, and v, In
the case of the synchronous reluctance machine both
solutions are valid because the synchronous reluctance
machine has no rotor winding or permanent magnets.
However 1t must be ensured that the estimation algorithm
uses only one of these two solutions. A displacement of y,
by 180 degrees would cause a sign reversal of voltages
and currents

The meaning of the coefficients ad, ag, by and by can be
llustrated by applying the transformation rules once again
to (8) This leads to the more transparent relationships:

4g=Cq COS(Ye)
by=—c4 sy, )

ag=—cq coslye)

10
by =cq sinlye) 1o

with
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For a good quality of angle estimation the coefficients
cq and ¢, must be significant greater than zero The first
term 1 ¢4 and ¢, represents the induced EMF and can be
used for angle estimation at higher speed At standstill the
angle can be estimated using the second term. In this case
di/dt can be increased by imjecting a superimposed
alternating voltage. The third term 1s caused by cross
saturation effects. It will be shown that the consideration
of this term increases the accuracy of the estimation.

Tig. 2 shows the charts of ¢y and ¢; when there 1s no
superimposed voltage. These considerations are necessary
to select the regions where the angle 1s calculated out of ad,
bg or out of a,, by It can be seen that at no-load the angle
must be estimated using ad and by because cg 1s zero At
high load and lgh speed the estimation of vy, using a, and
by 15 expected to give the better results because cg 1s
greater than ¢y

Fig 2 Magnitude of ¢4 and ¢, without superimposed voltage
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Fig 3 Magmtude of ¢4 and ¢ with superimposed voltage in base
speed range

3.1 Angle Estimation at Slow Speed

At zero speed and di/dt=0 both cd and ¢y mn Fig. 2
become zero. According to (11) ¢4 becomes =0 at =0
when creating a dig/dt and ¢ becomes =0 at =0 when
creating a dig/dt. This can be achieved by mjecting a
rectangular voltage +Au 1n the required axis The period of
the supertmposed voltage 15 selected to be 600us The
currents are measured at the beginming of each control
mterval of 150us, so dvdt 1s calculated out of the
difference between current measurements of a 300us-
mterval The ampliude of the superimposed voltage 1s set
to Au=£200V

Using (5) diy/dt and di/dt can be expressed as functions
of Au Fig 3 shows the resulting characteristics ¢d and cq
with a supermmposed voltage Au in the d- or g-axis
Because Ly 15 greater than Ly, the magnitude of dig/dt and
¢, 15 smaller than the magnitude of di/dt and ¢g Also ¢
becomes zero at certain values 1;<0. Therefore the angle
should be estimated using ay, by with 1mjection of Au 1 the
g-ax1s. An additional problem 1s the magmtude of ¢y at
1;=0 The reason 1s that the difference Ly-Lq 1 (11) at the
currents 14=10A and 1,=0 15 nearly zerc. The entire
dependence of c4 on 14 and 1, at standst:ll 15 shown 1 Fig
4 Because Ly increases as 1d decreases the current 1d

Copyright (C) 2003 NuriMedia Co., Ltd.

Fig 4 Magnitude of ¢4 as a function of 1, 15 at standstill and
with superimposed voltage Aug=-200V

0 1000 2000 3000 4000 5000 6000
n {min b

Fig 5 Regions where the angle v 15 caloulated out of ag, by or ag,
bfl

must be decreased at small values of 1, n order to get a
value of ¢4 significantly greater than zero, see Fig 6

3.2 Estimation Strategy

The aim of the following considerations 1s to obtamn a
magnitude of ¢4 or ¢q as high as possible m each operation
pomt For this purpose the n-ig-plane 1s divided mmto 4
sections, see Fig 5 The resulting magnitudes of ¢4 and ¢
are shown in Fig &

1) In the range of -1000mmn’'<n<1000min' a
rectangular voltage of £200V 15 injected m the g-axis. At
speed higher than 1000min™" the superimposed voltage
would reach the voltage limit of the mverter. The selected
reduction strategy of 1, 1n this region shows Fig 6

2)-4) For speed above 1000mm™ the method which
results n the highest amplitude of ¢4 or ¢, 15 selected.

In this way the magnitudes of ¢y and cg are never equal
to zero, see Fig. 8. Additwonally to the considerations
above 1t must be selected among the two possible
solutions vy and v, 1 (9)

Yer for cy<0, —¢,<0
ez{yeg for ez >0, _CZ>0 (12)
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Fig 6 Complete 1-characteristic with reduction of 14 when
applying an additional voltage at slow speed

Aug0 Aug=200¥ = -

Fig 7 Magnitude of ¢4 and ¢y with linear reduction of 1,=1{(15) tn
base speed range like 1t 1s shown Fig 6

3.3 Speed and position observer

Using the described method the rotor angle can be
estimated with sufficient accuracy. Still there are problems
at dynamic varnatons of the currents In this case the
stationary characteristics of ¢4 and ¢q shown n Fig & are
not vahd because of the term di/dt in (11), and therefore
some estimated values ye become incorrect at small values
of ¢q or ¢q It 15 also impossible to get a speed value with
sufficient accuracy by derivation of the estimated angle
due to the noise 1n this signal. The described problems can
be solved by using an observer for the mechanical
subsystem of the machine
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Fig 8 Resulting magnitudes of ¢4 and ¢

The general form of a state-space model is.

7=A x(1)+B ut)+E-z(r)

(13)
y(t)=C-x(t)+D-u(t)
By applying the equations of the mechanical subsystem
of the machme to (13) the state-space model becomes

e b

{
H)=0 1) (;"((:))}o ,(0)

(14)

The disturbance variable Mp 1s unknown Still 1t 1s
possible to consider the disturbance variable 1f the time
characteristic of the disturbance 1s basically known Here
the load torque 1s assumed to be constant Therefore the
disturbance model 15

d

— M =0 15

PR (15)
The observer structure can be derived out of (14) and

(15) m a formal way (see Fig. 9 (a)}. The dynamic of the

observer 1s given by the feedback coefficients 1; and 1,
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Fig. 9 Structure of the observer with a) P- and b) Pl-feedback.

In the case of ML#MLO;A the difference between
reality and model 1s compensated by the feedback variable

r) m Fig 9 (a) Asa consequence there 1s a stationary error

n y;A and co;A dependent on My, |; and 1;. The stationary

error n ®; can be ehminated by using the signal dy; /dt
as speed variable, but then the noise of the estimated angle

v, detertorates the quality of the estimated speed

Journal of Power Electronics, Vol 2, No 2, April 2002

These disadvantages are eliminated by usmg the
observer structure in Fig, 9 (by With the mtegrator m the

feedback loop the stationary error of y, and o,

becomes zero.

4. Experimental results

The control scheme has been realized 1n the laboratory
The simplified control scheme 1s shown in Fig 10, see
also [2] The DC link voltage of the inverter 1s controlled
to a fix value of 670V The inverter uses a space vector
PWM,
sampling frequency 18

the switching frequency 1s 3,3kHz and the
6,0kHz. The
characteristics are implemented by using polynomials with
an order of 6 (La(1g)} and 9 (L (1)) and with a linear
dependence Lqy(1,) and Ly{14).

First the machine 1s operated with an angular sensor for

inductance

the control. In Fig 11 and Fig 12 the simulated and
measured transient error of the estimated angle v, is
examined by the example of a positive and negative step
of 15. The resulting magnitude |¢| 15 calculated out of the
actually used coefficients a and b according to

|4:Va2+b2

(16)

. =K, Ty .
- L u
- I d - - : IS 4
— L — _ Wmae o
1y characteristic 1, conroller ~— "= =
toe, 5 "=
K Ty M K, Ty Bl — ="/ 3 -l 3~
. man * *
@ - N~ ~ lq ~ u T uqmm
_..(;_ I: ;/-a_\—--D - % l: O
. @ controller [%_F 1, controller [}
f X
L’dt L’ql = [
4
4 | Win )
I - o)
3} )
% p - lmdu:tan (;e | T
T L, | characteristics /I.VI_\
Y *
Ly X L -t ~ 3 —
¥
I =
=[x} ‘_‘ " J
I — Ve | angle |
o Obser\'er q—I_ estimation ;.

Fig 10 Control scheme of the synchronous reluctance machine
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Fig 11 Smmulated posttive and negative
step responses of 1, at n=2000mm’’

In Fig 11 there are also shown the magmtudes cd,”

and cq, calculated out of the control vanables accordmg
to (11) At the positive step of 14 here ¢4 becomes negative
because of the high value of dig/dt in (11) Because ¢d 1s
assumed to be positive 1n this operating pout {see Fig 8),
the estimated angle 1s not corrected according to (12) and
so there 1s a temporary change 1n y, by 180° At a negative
step of 19 this problem does not arise because cd remains
posttive

A step of the transformation angle by 180° 1s not
tolerable. Even when using the observer a noisy mput
value y. would reduce the quality of the observed
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Fig 14 Measured control variables

Fig 12 Measured positive and negative during speed reversal with a load mertia
step responses of 1, at n=2000mm’’

of 11 107 kgm?

transformation angle y,A. So this problem has been solved
by an addrtional plausibility check and correction of the
estimated angle ye by 180° with y,A as comparison value
Now the measured angle v and the estimated angle vy, are
compared m steady-state operation 1 order to verify the
estimation algorithm, The average difference (v-v.) at
n=20min" and n=2000mm" shows Fig 13. Normally the
error 18 less than 2 degrees, only at 1,0 and with
supertmposed voltage (n=20min"") the error increases. The
dotted curves in Fig 13 show the error when the di/dt- or
the cross saturation-term 1n (&) 1s neglected

Thus 1t 15 proved that consideration of the cross saturation
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increases the eshimation accuracy
In the next step the machine 15 controlled accerding to

Fig 10 using the observed variables y;h and co,n Fig 14
shows a speed reversal from —6000 to +6000mun-1 and the
errors of the observed speed and position.

In Fig 15 up to Fig 20 some measured waveforms m

different operating points are given. The greatest error y-

v, 1s at no load and with supcrimposed voltage tAt
n=2000mmn-1 and 1,=10A the calculation of y. switches
between usmg ad, b; and using aq, by
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5. Conclusion

This paper presents a sensorless control scheme for the
synchronous refuctance machine. The calculation method
uses one measured value of the currents per control cycle,
so additional measurements are not necessary Using the
presented model of the machine, the transformation angle
can be estimated out of the termmal voltages and currents
over the whole speed and load range by means of a non-
linear determimstic model This investigation 1s a basic
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work regarding the use of the synchronous reluctance

machine in speed-controlled low-cost electrical drives.

6. Nomenclature

d, q: direct and quadrature axis
U, V, W: stator phases
A observed values *: reference values

u:  voltage i: current

y: flux linkage Rg:  stator resistance
L4, Ly stationary inductances
La, Lg:  transient inductances
w: angular frequency n: rotational speed

p:  number of the pairs of poles
M;:  air-gap torque M;: load torque
J:  inertia v: rotor angle
Y. estimated rotor angle

a, b: coefficients for angle estimation

¢:  magnitude of a and b

Aug, Aug:  amplitude of the test signal at low speed

Machine data

ABB servomotors, type 2E5.7

M=27 Nm
=14,6 A

rated torque
rated current
number of poles p=4 .
J=7,041-107% kgm?
R=0,34 O

rotor inertia
stator resistance
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