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A new speed control system for electric drives employing reluctance synchronous motors is presented. Design
control system combines two control methods. Conventional vector control method is here completed with forced
dynamics closed-loop control. Since the closed-loop system response is a first order lag whose pole location can be
chosen by the user, the drive may be included as an actuator in a larger scale control scheme to which linear con-
trol system design methods can be applied. To improve robustness of the design control structure, the outer con-
trol loop based on model reference adaptive control is added. Simulation results presented show good correspon-
dence with theoretical predictions and MRAC outer control loop improves overall drive performances.
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1. INTRODUCTION

In contrast to conventional approaches to electric
drives a new control strategy for reluctance syn-
chronous motors (RSM) is presented. The combined
RSM and load are viewed as a multivariable plant,
the control variables, measurement variables and con-
trolled variables being, respectively, the dc circuit
voltage, the stator currents, and the rotor position. The
non-linear control law which employs RSM vector
control [1], generates automatically such stator cur-
rent demands that rotor speed achieves prescribed

demanded

closed-loop dynamics. The strategy embodies the
block control principle [2], the motion separation
principle [3] and sliding mode control [4], the com-
bination of which forms a new non-linear multivari-
able control method.

The design system comprises two parts: a) the
control law comprising master and slave control laws
arranged in a hierarchical structure [2] and b) the
state estimation and filtering system, comprising a
complementary set of two observers, one used for
reconstruction of the rotor speed, and the other for
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external torque estimation [5]. Figure 1 shows the
control system structure and its operation, the indi-
vidual blocks being fully explained in the following
sections.

The same approach has also been investigated for
permanent magnet synchronous motor drives [5, 6]
and preliminary experimental results were presen-
ted in [7, 8]. The rotor speed is controlled with Ili-
near, first order closed-loop dynamics, where the
closed-loop time constant can be chosen by the
control system designer. In this initial investigation,
the RSM motor is assumed to drive a rigid body
inertial load with moment of inertia, J and subject
to a constant external load torque, I7.

2. CONTROL SYSTEM DEVELOPMENT
2.1. Model of Motor and Load

The following set of non-linear differential equa-
tions formulated in the rotating d-q co-ordinate sys-
tem, coupled to the rotor, describe the RSM and
form the basis of the control system development:

uS :RSiS +£lp§‘ +]qu,s (2'1)
dr
T =3P Wi - Wiy-T =c(L, - Lyij-T
d“?( alg - Waig)- I =cs(Ly - L)%y, - I
(2.2)

where ij=i;+ji, us=u,+ju, and ¥;="¥;+j¥, are,
respectively, the stator current, voltage components
and magnetic flux components, w, is the rotor velo-
city, p is number of stator pole pairs, I is the ex-
ternal load torque, R, is the phase resistance, L,
and L, are the direct and quadrature phase induc-
tances and constant cs=3p/2. The ALA RSM para-
meters assumed in this study are listed an the
Appedix. For its magnetic flux components is valid
‘Ild:Ld(id) . id and 'flq:Lq . iq.

2.2. Master Control Law

The basic philosophy in the control law develop-
ment is in conjunction with vector control law ap-
proach the formulation of linearising functions
which force a nonlinear system to obey specified
linear closed-loop differential equations, which may
be of first order yielding a dynamic response to a
demanded angular velocity, w,(¢), with a prescribed
time constant, 7,,. The rotor speed therefore is ma-
de to satisfy:

do, _ 1
dr :T(wd -o,).

w

(2.3)

The rotor speed linearising function is chosen to
force the non-linear differential equation (2.2) to
have the same response as the linear equation
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(2.3). The linearising function is obtained simply by
equating the right hand sides of (2.2) and (2.3), as
follows:

Jlestai,~¥in-ru]= 1 @ -0,). @4

In the control law to be derived, estimates of the
magnetic flux components, ¥, and the ¥, are eva-
luated from the known stator currents, i; and i;, by
the magnetic flux calculator which takes into ac-
count value of direct inductance, L; as a function
of current in direct axis, iy, (see Appendix) while
quadrature inductance, L, is taken as a constant:

a=Lyy)i, and ¥, =L, . (2.5)

The second part of the control law is formulated
on the basis of vector control [1], which requires
for maximum torque for a given flux constant i,
current component up to base speed not to allow
its reduction under prescribed value for idle run-
ning RSM.

lg =Yk for wr<wbase

Dy (2.6a)

Iy =i for w,)w,, -
o]

For maximum power factor stator current, i;, can
be determined as:

Ti(wd _wr)+FL
s w
4=\ ey (L, —L,)tano

(2.6b)

Equations (2.4) and (2.6) are now solved for cor-
responding i,. The expressions obtained are then
used to generate the demanded values of i; and i,
which will be denoted respectively by i; ; and i, ;.
Thus, using the flux estimates from equation (2.5),
and load torque estimate, I';, from the observer of
section 3, the following master control laws are de-
rived:

a) with respect of maximum torque per given flux:

Iy q= iqk
. Y{T(wd—w,)nLFL (2.7a)
i, 4=
T oLy —Ly) i
b) with respect of maximum power factor:
Ti(wd —o,)+1;
. w
g a = =~ = >
- Cs (Ld —Lq)tan(é)
(2.7b)
i, 4 =iq 4tan(9)-sgn(Ty).
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The estimates of all constant parameters, p, used
in any model-based control law cannot be known
with infinite precision, and therefore they were de-
noted by p.

2.3. The Slave Control Law

The sub-plant to be controlled here is defined by
equation (2.1), the control variables now being u,
and u, and the output variables i; and i, to respond
to the demanded currents i; 4, and i, 4. The slave
control law is the following bang-bang control law:

Generally the transformations between the d-q
components of the stator currents and voltages and
the corresponding three-phase stator voltages and
currents are given by:

2] [C S1[23 13 -13 o
LJ_LS CHO 143 —1/@]' “

3

(2.9)

where: C=cos(w,t) and S =sin(w,?).

Special starting algorithm with constant current i,
and i, demands comes into play while minimal mag-
netic flux norm isn’t built. To simplify calculations,
magnetic flux norm has definition:

| =¥; +¥, . (2.10)

3. STATE ESTIMATION AND FILTERING

The load torque, which is necessary for master
control algorithm, is gained similar way to that of
[4] and [5] for synchronous motor. First, a stator
current vector pseudo sliding-mode observer is for-
mulated for generation of an unfiltered estimate of
rotor speed. The load torque estimate required by
the master control law is provided in second step by
a standard observer having a similar structure to a
Kalman filter, a direct measurement of load torque
being assumed to be unavailable.

3.1. The pseudo sliding mode observer and angular
velocity extractor

The real time model of the system done by sta-
tor currents equation (3.1) fed by actual stator vol-
tages and real stator currents is developed but pur-
posely using only the terms without rotor speed, w,.
Thus:

. NL 0 Ry 0 .
dr iy 0o L Uy, 0 % Iy | [Veaq
L, .
G.1)
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where v, and v, are the model corrections and i3

= . Veaq : ool :
and iy are estimates of i; and i, as in a conventio-
nal o%server. The useful observer outputs here are
the continuous equivalent values of the rapidly swit-

ching variables:

v . o3k
eqd | e ~la
- I/max sgn . %

32
; - (3:2)

€qq

Equation (3.2) cannot directly generate v ., and
Veqq- InStead, a pseudo-sliding-mode observer may be
formed by replacing equation (3.2) with (3.3):

Veqd iy —ig

= Ksm . ok

Veaq ly Iy

where the gain, K, is made as high as possible
within the stability limit. For large K, the errors
between real motor currents and fictitious observer

currents are driven almost to zero with the result
yielding (3.4):

0 pot =L
Veqd rL ld
{ ! }: - d {} (3.4)
Veqq « Ly 0 Iy

Based on equation (3.4) an unfiltered angular ro-
tor velocity estimate, w}, can be extracted. The com-
ponent, veq, of (3.4), which has minimal noise dis-
tortion, was used for extraction of angular speed es-
timate. Special correction algorithm is used for ad-
ditional filtering of pseudo-sliding mode observer
output.

(3.3)

o LgVeqq

W, = = - (35)
rL4i,

3.2. The load torque observer

There is no direct means of measuring the exter-
nal load torque, I;. This problem is easily solved,
however, by treating I; as a state variable and in-
cluding its estimate in the real time model of an
observer. If the stator current measurement noise is
significant, then the system performance will be im-
proved by using the angular velocity estimate, @,,
from the observer, which is a filtered version of w
The observer presented produces this filtered angu-
lar velocity estimate without impairing the control
system performance by introduction of a dynamic lag,
in a similar fashion to a Kalman filter. The combined
rotor speed and load torque for control algorithm is
then observed.

The real time model of this observer is based
on torque equations (2.2). The observer correction
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loop is actuated by the error between the rotor
speed estimate, w}, from the angular velocity extrac-
tor of previous section and the estimate, @,, from
the real time model.

b = ;(321’[(%@ ~¥,i,)-T, D+ ke, (3.6)

fL:krew.

Since @, is a filtered version of w¥ it is used di-
rectly in the master control law. This is a conven-
tional second order linear observer with a correc-
tion loop characteristic polynomial, which may be
chosen via the gains, k, and kr, to yield the desired
balance of filtering between the noise from the
measurements of currents i; and i, and the noise
from the velocity measurement, w?.

4. MODEL REFERENCE BASED CONTROL LAW

To improve derived control law an alternative
simple Model Reference Adaptive Control (MRAC)
is designed. The purpose of it is to form a real time
model of the ideal closed-loop system and »slave«
the plant to follow this by means of a high gain
correction loop, as shown in Figure 2.

wy W} Real system w,
- — | K,
- 1+sT,,
K ¢ -
Reference model
> 1 Wig

1+sT,

Fig. 2 Model reference based outer control loop

Since the middle loop controller is model based
(as it was mentioned, it contains algorithms depen-
ding on estimates of the motor and load parame-
ters) the closed-loop performance will be affected
by the errors in these estimates. It is also clear that
an un-modelled external load torque, I, will also
affect the closed-loop performance. Let the errors
introduced by the motor parameter uncertainties,
external load torque and imperfect operation of the
middle control loop due to the non-zero iteration
interval be (roughly) represented by a change of
time constant and DC gain. Then the transfer func-
tion of real system, formed by the inner and middle
control loop is of the following form:

32

&)r(s) — Kd
wy(s) 1+sT,°

(4.1)

The purpose of the outer loop controller is to im-
prove the robustness of the overall control system
against uncertain parameters and external load tor-
que. Outer control loop controller is a MRAC ba-
sed. This model is governed by transfer function
(4.2):

@) _ 1
wy(s) 1+sT,°

(4.2)

Thus, the demanded angular velocity, o}, is ap-
plied to the reference model and to the closed-loop
system formed by the original controller with inner
and middle loop. Any mismatch between the real
system and the closed-loop reference model then
gives rise to a correction, K,,.-(®,—w;;), applied to
the real system to force it to follow the model. As
the model reference control loop gain, K,,,, is incre-
ased, then, in theory, the error, (&,-w;,), is redu-
ced, thereby causing the real system to be »slaved«
to the model. Applying Mason’s formula to the
Figure 2 yields:

K, 1
o,(s) 1+sT; (“Kmr 1+sij
wq(s) K '
1+(1<m, ufr)
w

Thus, as K,,, tends to infinity, transfer function
between estimated speed and demanded speed
tends to the demanded transfer function (4.2), pre-
dicting the required robustness.

(4.3)

@,(s) 1
w, () 1+sT,

w

for K,,, —ee. (4.4)

In practice, however, K,,. will be limited by any
un-modelled plant dynamics and the non-zero itera-
tion interval. A shortfall in robustness would still be
expected since the system depends on the accuracy
of the speed estimate, @,.

5. VERIFICATION BY SIMULATION

All the simulation results are presented in Figure
3, Figure 4, Figure 5 and Figure 6. They were car-
ried out with computational step Af=5e—5s, which
corresponds to the sampling interval 20 kHz for digi-
tal implementation.

The response of the basic control system with
the control laws designed by equations (2.7a) and
(2.7b) are simulated the first to illustrate the opera-
tion of a new vector controlled RSM drive with for-
ced dynamic. These results are shown in the Figure
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Fig. 3 Forced dynamic vector control of RSM with maximum torque for a given flux

3 for maximum torque per given flux (i;=const)
and in Figure 5 for maximum power factor. The re-
sults are then compared with corresponding res-
ponses of a control system employing the MRAC
based outer control loop what is shown in the Figu-
re 4 and Figure 5.

In all presented figures the subplots (a) and (b)
show demanded and real values of current compo-
nents and real values of magnetic flux component
in the d_g rotor fixed frame. Changes of direct in-
ductance, L, due to changes of direct current, i, are
shown in the subplot (c). The subplot (d) and (e)
show the stator currents and magnetic flux compo-
nents viewed in the stator fixed a_f frame. Subplot
(f) shows magnetic flux norm as it was defined by
equation (2.10) as a function of time. Subplot (g)
shows the initially exponentially decaying electrical
torque from the motor, applied load torque, I} to-
gether with its estimate r ;. from filtering observer.
The estimated values of load torque from the ob-
server may just be seen to follow the step increase
in load torque at t+=0.2 s with a small dynamic lag
according to T,;=50 ms. This gives rise to the small
transient reduction in the rotor speed just after t==
0.2's. Speed estimate from filtering observer togeth-
er with ideal speed response are shown in the sub-
plot (h). Finally subplot (i) shows ideal speed re-
sponse and real rotor speed as a function of time.
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The control law parameters for all simulations are
as follows: master control law closed-loop time con-
stant: 7, =0.05 s; observer filtering time constant:
T,0=0.05 s; pseudo sliding mode observer model
correction loop gain: K;,,=16000. In all these simu-
lations perfect matching conditions between the
motor parameters and those assumed in the control
laws and observers are assumed.

Apart from the transient due to small lag in load
torque estimation, the required first order dynamic
with a prescribed time constant of 7,=0.05s is evi-
dent if real motor speed is compared with ideal
one (Figure 3i and Figure 4i) for both way of RSM
vector control.

Substantial improvement of the drive performan-
ce for both control algorithms can be seen when
MRAC outer loop is added (Figure 5 and Figure
6). While compensation of the angular speed drop
due to application of nominal load torque takes ap-
proximately 0.2 s for basic algorithms, this is com-
pensated in 0.05 s when MRAC outer control loop
is added. Also the absolute value of speed drop is
nearly four times lower for MRAC algorithms (Fi-
gure 5i and Figure 6i) if it is compared with stan-
dard vector algorithms (Figure 3i and Figure 4i).

As an evaluation of the presented simulations it
is possible to conclude that application of MRAC
based outer control loop substantially improves be-
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Fig. 6 Forced dynamic vector control of RSM with maximum torque per stator current and MRAC outer control loop

havior of the drive with SRM. The significant reduc-
tion of the error between ideal speed response com-
puted from transfer function and real rotor speed
brought about by the MRAC outer control loop is
evident by comparison of corresponding Figure 3
and Figure 5 for maximum torque per given flux
control and Figure 4 and Figure 6 for maximum
torque per stator current control.

6. CONCLUSIONS

The simulation results of the proposed new con-
trol method for electric drives employing RSM with
forced dynamics show a good agreement with the
theoretical predictions. The only substantial depar-
ture of the system performance from the ideal is
the transient influence of the external load torque
on the demanded rotor speed. Although this effect
is not too serious, a means of reducing it with
MRAC outer control loop were verified.

Some preliminary investigations to test the ro-
bustness to motor parameter mismatches show pro-
mising results which are not published here due to
space limitations mainly if MRAC outer control
loop is added. Further investigations of robustness,
however, should be carried out, particularly with re-
gard to dynamic load parameter mismatches and
time varying external load torque. It is highly desir-
able to employ suggested control strategy also expe-
rimentally with a new ALA RSM described in [9].
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Appendix

Reluctance synchronous motor parameters

Nominal voltage 380 V (for Y) Stator resistance R;=8.62 Q
Nominal current 2.01 A Quadr. inductance L,=161.8 mH
Rated power 400 W Number of polpairs p=2
Inverter dc voltage 550 vV Moment of inertia J=0.0021 kgm?
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if L;<0.45 then L,;=0.45.
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Vektorski upravljani elektromotorni pogoni s reluktantnim sinkronim motorima uz definiranu dinamiku

zatvorenog kruga brzine vrtnje. Prikazana je nova koncepcija sustava upravljanja brzinom vrtnje elektromotornog
pogona s reluktantnim sinkronim motorima, temeljena na dvijema metodama upravljanja. Konvencionalna vektor-
ska metoda nadogradena je elementom sustava koji predstavlja dinamiku zatvorenog kruga po brzini vrtnje. Bududi
da je dinamika zatvorenog sustava prikazana proporcionalnim ¢lanom prvog reda, ¢iji pol odabire korisnik, predlo-
zena koncepcija moze biti Sire primjenjiva. Da bi se poboljsala robusnost sustava, dodana je vanjska petlja uprav-
ljanja zasnovana na adaptivnom upravljanju s referentnim modelom. Simulacijski rezultati prikazani u radu potvr-
duju valjanost predlozene koncepcije.

Kljucne rijeci: linearizacija, adaptivno upravljanje s referentnim modelom, nelinearni sustav upravljanja, estimator,
reluktantni sinkroni motor, klizni rezimi
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