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ROBUST DTC BASED ON ADAPTIVE FUZZY CONTROL
OF DOUBLE STAR SYNCHRONOUS MACHINE
DRIVE WITH FIXED SWITCHING FREQUENCY

Djamel Boudana — Lazhari Nezli — Abdelhalim Tlemcani
Mohand Oulhadj Mahmoudi — Mohamed Tadjine *

The double star synchronous machine (DSSM) is widely used for high power traction drives. It possesses several advantages
over the conventional three phase machine. To reduce the torque ripple the DSSM are supplied with source voltage inverter
(VSI). The model of the system DSSM-VSI is high order, multivariable and nonlinear. Further, big harmonic currents are
generated. The aim of this paper is to develop a new direct torque adaptive fuzzy logic control in order to control DSSM
and minimize the harmonics currents. Simulations results are given to show the effectiveness of our approach.
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1 INTRODUCTION

Synchronous machines are attractive for high powers.
When they are supplied by thyristors current source in-
verter (CSI) torque oscillations of high amplitude at six
times the supply frequency appear [1,2]. This causes ex-
cess mechanical vibration and poor system performance.
The use of two star windings shifted by 30° supplied by
two thee phase voltage source inverters (VSIs) lowers con-
siderably the torque ripple [3,4]. However, the model of
the system DSSM-VSIs in Park frame is high order, mul-
tivariable and non linear

Direct torque control is a very simple method to con-
trol AC machines. It shows a very high quality torque
control without the need of tuning current controllers.
The principle of conventional DTC consists to select sta-
tor voltage vectors, according to the differences between
the stator flux linkage and torque and their references, to
keep stator flux and torque within the limits of two hys-
teresis bands. However, the disadvantages of conventional
DTC include notable torque, flux and current pulsations
and non-constant switching frequency operation [5, 6].

The advantages allotted to traditional techniques DTC
(dynamic, robustness, facilitated implementation ... )
nevertheless are counterbalanced by the use of a sampled
hysteresis comparator; by principle, the comparator led
functioning at variable frequency which increases the risks
of mechanical excitation or acoustic resonances, and in
addition, sampling at finished frequency results by an
exceeding pseudo-random of the hysteresis band. These
two factors contribute to make the contents harmonic of
the various output signals not easily foreseeable.

Alternatively, space vector modulation (SVM) mod-
ulator is incorporated with direct torque control for in-
duction motor drives and permanent magnet synchronous
motors as shown in [7-9] to provide a constant inverter

switching frequency. Noting that the torque ripple and
noise issue for this SVM-based DTC approach are signifi-
cantly improved for invoking zero inverter switching state
within every switching period of inverter control.

Recently, there has been an increasing interest in adap-
tive fuzzy control (AFC) for non-linear dynamic systems.
This interest has been motivated by the demands for
high control performance in situations in which an ac-
curate model of the controlled plant is not easily avail-
able, or when the plant undergoes unforeseen parame-
ter variations. Fuzzy systems have the potential to play
an important role in adaptive control, mainly thanks to
their universal function approximation property and their
amenability to (linguistic) interpretation of the inputout-
put relationships.

An adaptive fuzzy controller is expected to comply
with the following design requirements: (i) stability of
the closed-loop system (all signals in the closed-loop must
be bounded), (ii) asymptotic convergence of the tracking
error to zero or to a neighbourhood of zero, (iii) robust-
ness with respect to the approximation error, unavoid-
ably introduced by any approximator with a finite num-
ber of parameters. The approximation error is usually
treated as a disturbance acting on the system by means
of standard modifications: an additional non-linear damp-
ing term, usually in a sliding mode framework [10-12].

The aim of this article is to develop an adaptive fuzzy
control of DTC double star synchronous machine drive
with fixed switching frequency. The fuzzy systems are
used to approximate the model of controlled system. In
order to compensate for the effects of the unavoidable
reconstruction errors, we introduce a sliding term into
the control law. The approximation theory and the Lya-
punov method are used together to construct, in the first
stage, the fuzzy adaptive control law and to establish, in
the second stage, the convergence of the tracking error
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and the boundedness of the adaptive parameters and all
plant signals. Furthermore, the space vector modulation
technique is applied to inverter control in the proposed
DTC-based double star synchronous motor drive system,
thereby dramatically reducing the torque ripple, current
harmonic and to impose the switching frequency.

The remainder of this paper is structured as follows: in
Section 2 the used fuzzy logic system is briefly described
and Section 3 is devoted to the problem statement. The
machine model is developed in Section 4. In Section 5, the
direct torque control of DSSM of double star synchronous
machine drive is presented. The DTC adaptive fuzzy con-
trol is developed in Section 6. Finally, the conclusions are
presented in Section 7.

2 DESCRIPTION OF THE
USED FUZZY LOGIC SYSTEM

The fuzzy logic system performs a mapping from U; x

-x U, CR" to R whereeach U; C R, i=1,2,...,n
For the proposed fuzzy logic system, we use the implica-
tion and the reasoning method suggested by Takagi and
Sugeno [13]. Consequently, the fuzzy IF-THEN rules are
expressed as

Ry: ifxqis All1 and ...z, is Aln” then zp = a® (1)
where © = [z 22 ... acn]—r € R™ and 2z € R are re-
spectively the input of the fuzzy logic system and the
consequent of the k' rule. Here, the label Aéi associated
to input z; (i = 1,...,n) is a fuzzy set in U; where
the indices li takes a value in {1,...,m;} and m,; is the
number of fuzzy sets characterising the input z;. The
coefficient a* ( for kK = 1,2,..., M) is a constant co-
efficient of consequent part for the k" fuzzy rule. The
number of rules M is defined by the cartesian product
ass M =mi @ma®@ - @my,.

In this paper, we employ the product operation for
fuzzy implication and T -norm. The definition of the
product operation is the same as in [14]. Besides, the
singleton fuzzifier and weighted average deffuzzification
is used. The overall output value z(z) is

Z Dokt @k a” ak
Zk:l Ak
Where «aj denotes the firing strength of the Ry rule,

which is evaluated by using product inference and impli-
cation as

z(z) = (2)

ap = [ pAl(z:); withl;e{1,...,m;}  (3)

=1

where pAl(x;) is the membership function of z; associ-
ated to fuzzy set AL,

In (2), we fix the pAl(x;)s and a¥s form the ad-
justable parameters, z(z) can be rewritten as

2@)=w'(x)0 (4)

where 6 is the parameter vector given by
T
0=la'a®...a"] (5)

and w' (z) is a regressive vector defined as

T Qs
w ( ) |:Zk T Y Zk 1C“k (6)
In the sequel, the fuzzy logic system for multi-input single
output system is represented by the mathematical model

(4).

3 PROBLEM FORMULATION

The control of the DSSM supplied by voltage source
inverters (VSIs) is very difficult since the model of the ma-
chine is high order, multivariable and non linear. Figure 1
presents the decoupled control scheme for DSSM supplied
by two three level inverters. The decoupled control bloc
is based on DTC control strategy witch the stator flux
linkage and the torque would be decoupled.

4 MACHINE MODEL

In developing the equations which describe the be-
haviour of DSSM, the following assumptions are made:

— The MMF in air-gap has a sinusoidal repartition.
— The saturation of the iron in machine is neglected.

The stator voltage equation for six-phase can be writ-
ten as

. d . .
vs = Rgis + E(Lssls + Msrlf) (7)
Ve=[Va1 Va2 Vo U2 Vel ve2] (8)
is=[ia1 da2 G G2 de1 de2] - (9)

The original six dimensional system of the machine can
be decomposed into three orthogonal subspaces (a, f3),
(Zl,Zg) and (Zg, Z4) [15, 18]

[Fa Fﬂ le F22 FzS FZ4]T:TSFS (10)
with F': can be voltage, current or flux.
T,
\/3
cosO cosy  cos 2% COS(%7r +’Y) cos 4% COS(%W + ’Y)
sin0  siny  sinZ sin(Z +4) sin2E sin(4F + )
cos0 cos(m — ) cos & cos(Z —v) cos ZE cos(2F — )
sin0 sin(m —~) sin 5° sin(§ —7) sin & sin(3F — )
1 0 1 0 1 0
0 1 0 1 0 1
(11)
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Fig. 1. Decoupled control scheme for DSSM
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Fig. 2. Equivalent circuit of the DSSM model in: (a) — a-f sub-
space, (b) — Z1,Z2 and Zs, Z4 subspaces

4.1 Machine model in a—f subspace

The stator voltage equation is

v\ o (e, d [l +3My 0 o
(’UB) _RS(iﬂ)’LE( 0 lfs+3Mss) (z’B)
d (cos(9)) .
+\/§Méfa(81n(9))lf
3sin(26)

5 (omt omiy) (). 02

An equivalent circuit of DSSM in «-f subspace is shown
in Fig. 2a.

+ Msfm

4.2 Machine model in 7, 7, subspace

The stator voltage equation is

Vz1 izl d lfs 0 izl
Ry | . — ) . 13
(Uz2> S<Zz2)+dt< 0 Zfs 122 ( )
The currents harmonics i,; and i, must be as low as
possible to reduce the extra losses in the DSSM. These
currents are only limited by stator resistance and leak-

age inductance. An equivalent circuit of DSSM in Z7, Z5
subspace is shown in Fig. 2b.

4.3 Machine model in Z3, Z, subspace

The stator voltage equation is

V23 o ZZS g lfs 0 ZZS
(Uz4) n RS (iz4) + dt ( 0 lfs iz4 ' (14)

The currents 7,3 and 7,4 are equal to zero because the two
three-phase windings are connected with isolated neu-
trals.

4.4 Machine model in rotor reference frame d—q

To express the stator and rotor equations in the same
stationary reference frame, the following rotation trans-

formation is appropriate
[ cos —sind
~ \sinf cosf )’
With this transformation, the components of the a—_
plane can be expressed in the d—q plane as

vg\ Rs+pLy —wLy iq 0Y .
(vq>< wLy Rs+pLy iq + Maw 1) Y
(16)
The electromagnetic torque of DSSM is expressed as
T. = P(paiq — dqia) -
4.5 Machine model in stator flux reference
frame x—y

(15)

(17)

D5

?r

a

Fig. 3. The stator and rotor flux linkages in different reference
frames

In order to control directly and independently the flux

and the torque the model of the DSSM is expressed in

the stator flux reference frame by using the following

transformation, witch transforms variable in the rotor

flux reference frame (d—q) to the stator flux reference

frame xz—y (Fig. 3)
sin §
cosd )’

cos 0
—sind

The stator flux linkage and electromagnetic torque equa-
tions in z—y reference frame are as follows

(18)

Qi
Uy = Rty — wsLgiy + Ld% + wep-sind
(19)

. . di
vy = Rgiy +wsLaiy + de—Z’ + we, cos
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The fluxes and the torque are given by

¢$:¢s:Ldix+¢TCOS(57 ¢y:O:Ldiy_¢rSin5a

T, = Posi, (20)

From (13) and (14) the model for the DSSM can be
written like:

dos e dQ
(;i = fi+bivs, e fa+bavy, T fa+bsTe (21)
R
fi= —L—(qbs — ¢y cosd),
d
Po, . o
Ja=— Ly (Rsly +wsds + (ws — w)ey cos 5)7P2y¢57
1
f3:_5(TT+fCQ)a (22)
Pos 1
=1 = =2 ——
bl ) b2 Ld ) b3 ]

Fig. 6. The chosen inverter voltage vectors projected on a—3 plane

5 DIRECT TORQUE CONTROL OF DSSM

The basic principle of the DTC is to select proper
voltage vectors using a pre-defined switching table. The
selection is based on the hysteresis control of the stator
flux linkage and the torque [16] [17]. The principle of DTC
control is based on the space vector notation. The space
vectors of the voltage, current and flux of the DSSM are
defined as follows

2

3

0 3% 35 Vol
Vs = Vgl + Up1€” 3 + V1€’ 3 + vg2e’ '+

(2T S(Am
Vp2e? () 406l (5 +’v))7
= 2 . . ;27 . s Am . ;
is = \/;(Zal +ip1e? S +icie! s +ige’"+

. (2% . i(4m
ipeed (T 4 0l (5 +v)),

(23)

2 o 4m .
¢s = \/;(¢a1 + ¢b1€J% + (bcle]% + ¢a2e]’y+

el D 4 ¢02€j(%”+w)).

Neglecting the stator resistance, the relation between the
stator flux linkage vector and the voltage vector of DSSM
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Table 1. The switching states for inverters when ©Q > Qnom/2
(a) the first inverter (b) the second inverter
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can be approximated by 5.1 Selection of voltage vectors
_ _ _ The DSSM is supplied by two three-level VSIs. Each
¢s(Ts) = UsTs + ¢4(0) . (24)

Replacing the voltage vector (17) in (18) the flux linkage
vector can be written as

inverter can be controlled independently. Three-level in-
verter has 27 vectors, which has 8 redundant vectors in
it. Figure 5 shows the voltage vectors of the first three-
level inverter in a—f frame, in which subscripts Z, S, M,
and L denote zero, small, medium, and large voltages,

6(T:) # T Te + T2 T + 6,(0) (25) respectively.
In order to minimize the torque and flux ripple in low
To1 = \/g(va1 + Ublej%" + Uc1€j4‘7ﬂ>, speed, only the small voltage vector is applied when speed
3 (26) Q < Qnom/2. In this case the three-level inverter is similar

Tsg = \/g(”w@” + g () 4 vc26j(%ﬂ+v))'

It can be seen from equation (25) that the stator flux
linkage can be controlled by application of the output
voltages vectors of each inverter independently. Figure 4
shows the proposed DTC scheme for DSSM.

The stator flux linkage and the torque are estimated
with

¢a(t) = /O (Uoz - Rsia)dT + ¢a(0) )
P5(t) =/ (v — Rsig)dr + ¢5(0)

0

be = %\/éi 03,
_ o5()

balt)’
T, = P(bnis — dia).

(27)

tg O

to the two-level inverter. However if we consider the two
inverters as a six-phase voltage source inverter we obtain
a total of 64 switching modes. By using the transforma-
tion matrix (5) the 64 voltage vectors corresponding to
the switching modes are projected on three planes. From
64 vectors there are only 12 voltage vectors that offer a
maximum voltage on the a—( plane and keep the har-
monics on the Z; Z; plane at a minimum [18].

The voltage vector plane is divided into twelve sectors
so that each voltage vector divides each region into two
equal parts as shown in Fig. 6. In each sector, four of
the twelve voltage vectors may be used [19,20]. The used
control system is depicted in Fig. 7.

The switching table used is indicated in Table 2. The
output of the flux hysteresis comparator is denoted as @,
the output of the torque hysteresis comparator is denoted
as 7. The flux hysteresis comparator is a two valued
comparator and the torque hysteresis comparator is a
three valued comparator.
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Fig. 8. (a) — Performance of conventional DSSM DTC when Q < Qnom/2, (b) — Permanents currents at 7, = 10Nm and Q =

100 rps (2 < Qnom/2)

Table 2. The switching states for inverters when Q < Qnom/2

d 01 O3 O3 O4 O5 O O7 O Oy O19 O11 O12
1 {us usa us ue ur us U9 U0 UIL U2 UL U2
1 0 |w1 w2 u3 us uUs Us U7 US U9 U0 UL UI2
—1uil Y12 U1 U2 U3 Ug Us Us U7 UL U9 Ul
1 |us us U7 uUs U9 Ulp Uil U2 UL U2 U3 U4
0 O |ur us ug ul U1l U2 U1 U2 U3 U4 U5 Vg
—1|ug Wio Y11 U12 UL U2 U3 U4 U5 Us U7 U8

When the speed Q > Q,om/2 we use Table la to
select the proper voltage vector for the first star and the
Table 1b for the second star.

5.2. Simulations results

The simulations results in Figs. 8 and 9 shows that ba-
sic DTC regulates the speed and stator flux well. We can
see that, this control approach ensure good decoupling
between stator flux linkage and torque. However, in this
approach the phase currents are distorted as consequence
a very high currents harmonics iz; and izo especially
when Q > Q,0m/2 where we use medium and large volt-
ages. Figure 10 gives the response of the torque and flux
when the stator resistance increases. The obtained result
shows that the torque and flux are oscillating and the
global system is unstable. To overcome these problems,
we propose in the next section a new DSSM-DTC method
based on adaptive fuzzy control.

6 DTC BASED ON ADAPTIVE
FUZZY CONTROL

In this section, our purpose is to synthesis a control
laws in order to obtain almost sinusoidal phase currents

and keep at a minimum currents harmonics iz; and izo
by using appropriate PWM modulation strategies. The
proposed DTC adaptive fuzzy control problem is to force
the system (21) to follow a given bounded reference sig-
nal, Fig. 11.

PROPOSITION 1. Consider the DSSM plant model (15).
Let the ideal control laws be

vy = ( it d¢* Jr1€1€1)

1 dT
’U;; b2 ( fo+—= at + kzeg) (28)
% 1 dao*
T, = b ( fs+— T k3€3>
where
el:¢:_¢87 €2=T:—Te7 6329*—97 -
k17l€2,k3>0. ( )

Then, the regulated errors e; are asymptotically stable.

Proof . Consider the following Lyapunov function

1
V= (e1 +e3+e3). (30)
Its time derivative is expressed by
V = é1e1 + égen + ézes. (31)
The derivative of the errors (29) becomes:
. doj
e1 = C;b;_fl_blvaa
) dT*
€y = — fa — bavy, (32)
) dQ*
€3 = —f3—
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Replacing the control low (28) in (32), equation (31) be- Relation (33), means that e;, ex and es converge at last
comes asymptotically to zero. Therefore the control laws (28)
V = —kie? — kgel — kze3 < 0. (33) can drive the plant system in the ideal case.
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In practice the nonlinear functions f; (i =1,2,3) in-
volved in the state space model (21) are badly known.
The implementation of the control law (28) is inopera-
tive since it requires a precise model. To overcome this
problem we use the fuzzy logic system to estimate on-line
the nonlinear function given in (28). The ideal control law
(28) is ideally rebuilt by a fuzzy logic system such that:

(34)

where W;(-) is a basis function [21] and 6; is vector of
optimal parameters, while ¢;(-) is the unavoidable recon-
struction error satisfying the condition [22, 23]

len(ds)| < e, les(w)] < &3.

The ideal control law (34) is estimated by:

le2(Te)| < &2, (35)

b =W (0)01, By =W (T)da, T. =W, ()

Where éi, the estimate of the best parameters 6;.

Subtracting (36) from (34), we obtain the estimation
errors ~
U; — Uy = Wl—r(gbs)ol + 51(¢s)7

vy — by = Wy (T.)0 + e2(Te)
T —T, = Wy (w)f3 + e3(w)

(37)

where 6; = 0; — 6, is vector parametric error.

ProproOSITION 2. Consider the following control laws:

ﬁ;:ﬁa + Vza s ﬁ;:ﬁy"i_vyav T::T€+Tea (38)
with
Vgq = E18ign(e1), vy, = Easign(es), Teq = €3 sign(es)
(39)
where &; and éz are updated under the laws
g =mleil, & =malea|, & =nsles|, (40)
01 = nWi(os)er, b2 =Wy (Te)es, 05 = W3 (Qes
(41)

where 1; and y; are positives constants.
Then, the tracking errors e; converge asymptotic to-
ward zero and the parameters are bounded.

Proof . Let us choose the Lyapunov function

V=Vi+Va+ Vs (42)
with
Vi = QLble% + 2—;67?51 + 2%’1537
Vo = QLerng i@éﬁ%’fg, (43)
Vs = %e%i?éﬁﬁ?ﬁ

where & = & — &; . These functions are globally positive.
Its time derivates are given by

1 1 ~+=» 1. :

Vi=—eég — —0] 6, €161,

b1

. 1 1~ 1.

Vo = —enéy — — 0] 0y — —Epbs, 44
2= eata— 020 7725252 (44)
. 1 1 -+ 1.2

Vs = —egés — —03 O3 — —E383

b3 V3 73

where the time derivates of the tracking error dynamic
are

é1 = —kier + b (W] (¢s) )01 + e1(¢s) — Uga),
éo = —koea + by (VVQT 92 + EQ(TS) - Uya), (45)
é3 = —kgzez + b3 (VV3T 93 + 63( ) — Tea)-
Substituting (35) and (45) in (44), it results
. k 1.
Vi = —b—lef +e1(ps)er — vgaer — —E161,
1 m
. ka 1.
Vo = ~3 —e3 +ea2(Te)ez — vyqez — —52527 (46)
2 2
. k 1. :
Vs = — 22+ e3(w)es — Teaes — —Eaés.
b UE
Introducing (40) into (46), we obtain
3 k o ]- ~ A
Vi = -3 —ef +e1(os)er — Erler] — —&ié1,
1 Uit
kQ 2 o ~ A
Vo = —b—62 + 82(T6)62 — EQ|€2| — —E&9€&2, (47)
2 2
o k3 2 a ~ A
V3 ——b—63+83( )63—€3|63|——€3€3.
3 73
Use the condition (35) yields
. k - 1. :
Vi< -2 4 E e - =&,
by m
. k. . 1. :
Vo < —2e3 + Eylea| — —E2és, (48)
b2 T2
. k- - 1. :
Vi < 7—363 + E3les| — —E&3€3.
bs 3

By exploiting the update law (40), relation (48) becomes:

k . k . k:
Vi<—el, h<—2e3, Th<—2el.  (49)
b1 b2 b3
Finally, we can write
k/’l 9 k/’g 2 k‘g 9
<1 B2 <
< ™ e; — b2 ™ e; <0 (50)

Hence using the Lyapunov theorem, we conclude that
the control law (38) and the parameters adaptation law
(40) and (41) ensure the asymptotic convergence of the
tracking error e; toward zero and the boundedness of the
parameters.
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Fig. 12. (a) — Performance of DTC adaptive fuzzy control of DSSM when © < Qunom/2, (b) — Permanents currents at 75 = 10 Nm and
Q=100 1ps (2 < Qnom/2
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Fig. 13. (a) — Performance of DTC adaptive fuzzy control of DSSM when ©Q > Qunom/2, (b) — Permanents currents at 75 = 10 Nm and
Q =200 1ps (2 > Qnom/2

6.1 Simulations results

Figures 12 and 13 give the performance of DTC adap-
tive fuzzy control of DSSM fed by two tree level inverter
PWM respectively when ©Q < Q,0m/2 and Q > Quom/2.
It appears that, the speed and stator flux follows their
reference, the torque and the flux are decoupled and the
harmonic currents are greatly reduced. Figure 14 gives the
response of the torque and flux when the stator resistance
increases. The obtained result shows that the torque and
flux follows their reference and the system is stable.

7 CONCLUSION

In this paper, a new direct torque control method of
DSSM is presented and its merits over the conventional
DTC approach are confirmed by the simulation results.
This new direct torque control uses the adaptive con-
troller based on fuzzy systems. The proposed method
uses the Sugeno-Takagi fuzzy system as a universal ap-
proximator of continuous nonlinear functions. The adap-
tive control law is established based on the Lyapunov
method. So, the output convergence, the boundedness of
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Torque (Nm)

4 Stator flux (Wb)

Fig. 14.

the parameters and the states are derived. Moreover, the
fuzzy adaptive law incorporates a compensatory sliding
term, which compensates for effects of the unavoidable
reconstruction errors. The features of the proposed direct
torque control method include 1) providing constant in-
verter switching frequency, 2) significantly reducing the
torque ripple and harmonic currents on the z;—z5 plane,
3) good robustness to the variation of the stator resis-
tance.

Appendix 1. List of principal symbols

Ta1,p1,%c1 : Stator current a,b, ¢ phase of the first wind-
ing,

142, %p2,1c2 : stator current a,b,c phase of the second
winding,

(T : stator current a—f axis,

[ : stator current z-y axis,

is : stator current vector,

Val, U1, Vel : Simple voltage of stator three phase first
winding,

Va2, Up2, Vea . Simple voltage of stator three phase second
winding,

Vg : stator voltage vector,

Vg, Vg : stator voltages d—q axis,

Va, Vg : stator voltages a—f axis,

Vg, Uy : stator voltages x—y axis,

Ly, L, : d—q inductances,

L : stator inductance matrix,

M., : stator-rotor mutual inductance matrix,

R, : diag(Rs Rs Rs Rs Rs Rs),

R : stator resistance,
Ry : rotor resistance,
T., T : electromagnetic torque, reference torque,

T, : load torque,

Ds, P : stator flux vector, reference flux vector,
©d, Pq : stator flux d—q axis,

Vo, P8 : stator flux a—f axis,

Py Py : stator flux z—y axis,

Q : rotating speed of rotor flux linkage,

w : rotating speed of rotor flux linkage,

W : rotating speed of stator flux linkage,

d : output of the flux hysteresis comparator,

" Time (s)

Performance of DTC adaptive fuzzy control of DSSM with stator resistance variation

T : output of the torque hysteresis comparator,

) : angle between rotor and stator flux linkage,

0,05 : angle of rotor flux linkage, angle of stator
flux linkage,

O; : the region numbers for the stator linkage
positions,

Er,E, : torque error, flux error,

J : moment of inertia,

fr : friction coefficient,

: number of pole pairs.
Appendix 2. DSSM parameters

P,=5kW, U,=232V, if=1A, R,=235Q,
R;=303Q, Ly=03811H, L; = 15 H, M, = 2.146 H,
J =0.05Nms?/rd, f.=0.001 Nms/rd, P = 1.
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