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Enhanced Direct Torque Control of a Syn-RM, Using Adaptive
Flux Observer, Including Magnetic Saturation and Iron Losses

Abstract. An enhanced direct torque control (E-DTC) system of a synchronous reluctance motor (Syn-RM) is presented in this paper. The motor
system is modelled by taking into account its non-linear behaviours such as iron losses and magnetic saturation. The proposed method consists of
incorporating hysteresis DTC with a model reference adaptive system (MRAS) flux observer. This technique is applied in order to achieve good
torque and flux ripples reduction, which ensure a smooth operation of the Syn-RM along all the speed range. Furthermore, the proposed method has
simple design and implementation in the overall control system, and can avoid the drawbacks of conventional flux estimators. Simulation results
show the effectiveness of the proposed method.

Streszczenie. W artykule przedstawiono udoskonalony uktad bezpos$redniego sterowania momentem obrotowym (E-DTC) synchronicznego silnika
reluktancyjnego (Syn-RM). Ukiad ruchu jest modelowany z uwzglednieniem jego nieliniowych zachowan, takich jak straty zelaza i nasycenie
magnetyczne. Proponowana metoda polega na wigczeniu histerezy DTC do wzorcowego obserwatora strumienia adaptacyjnego systemu
odniesienia (MRAS). Technika ta jest stosowana w celu uzyskania dobrego momentu obrotowego i redukcji tetniers strumienia, ktére zapewniajg
ptynng prace Syn-RM w catym zakresie predkos$ci. Ponadto, zaproponowany sposéb ma prostg konstrukcje i implementacje w catym systemie
sterowania | pozwala unikng¢ wad konwencjonalnych estymatoréw strumienia. Wyniki symulacji pokazujg skuteczno$¢ proponowanej
metody..(Ulepszona bezposrednia kontrola momentu obrotowego Syn-RM, wykorzystujgca adaptacyjnego obserwatora strumienia, w tym
nasycenie magnetyczne i straty zelaza)
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1. Introduction

In recent years, the synchronous reluctance motor (Syn-
RM) has attracted the attention of many researchers all
over the world. Syn-RM is considered as a very promising
motor for future applications because of its high-power
density, superior reliability, due to its simple rotor structure,
and outstanding efficiency, especially in torque control
applications.

Accurate representation of Syn-RM requires detailed
knowledge of the magnetic behaviour in both d and q axes
along with cross-saturation at different operating conditions.
The iron loss is introduced in the Syn-RM
model by adding a shunt resistor in both d and q equivalent
circuits. The magnetic saturation is introduced in the motor
model using experimentally obtained inductance values in
both d and q axes [1].

With the evolution of power electronics and drive
systems, the control of such motor has become a big
challenge. Advanced field-oriented control has been
employed in Syn-RM [2, 3]. Maximum Torque Per Ampere
(MTPA) and Flux Weakening (FW) operation modes for
Syn-RM have been also proposed [4, 5]. Similar research is
dedicated to PM assisted Syn-RM, using estimated load
torque [6]. This technique may involve high computational
capacity requirements for digital signal processing. In
another approach, vector control is applied on PM-assisted
Syn-RM parameter uncertain model, by incorporating
backstepping current controller [7]. Despite the focus of
many researches on the vector control of the synchronous
reluctance drive, such motor sufferers from high torque and
flux ripples in steady state operation [8, 9]. Direct Torque
Control (DTC) is known as one of the most conventional
control strategies used for the induction motor (IM) and
permanent magnet synchronous motor (PMSM) [10, 11],
but rarely used for Syn-RM because of unsatisfying torque
and flux response when used in its classic form. An
improved duty cycle control method to minimize torque and
flux ripples of conventional DTC on IM was then proposed
[12].

As it is known, DTC requires instantaneous quantities of
the torque and flux that are compared to their reference
values within the DTC loop. An improved DTC strategy for a
five-phase Interior Permanent Magnet Synchronous Motor
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(IPMSM) based on a fuzzy controller is also presented in
the literature [13]. This control features a simplicity of
implementation, but it suffers from sensitivity to parameters
variation, such as stator resistance and/or iron losses.
Minimization of the torque ripple in induction and permanent
magnet synchronous motors have been widely studied, but
few investigations have been conducted on Syn-RM. In this
regard, feedback linearization was combined with neuron-
fuzzy control for IM torque ripple reduction [14]. Predictive
control can be a good alternative for PMSM torque control,
and a new Predictive Torque Control (PTC) was proposed
to determine the optimal voltage switching states, which
ensures less torque and flux ripples [15]. Similar research
has been dedicated to PMSM where adaptive learning
control was incorporated with an adaptive proportional
controller (PI)[16]. The major cons of the later strategy is
the important computational capacity requirement and
implementation complexity. Optimal current calculation is
used, including inductance harmonics [17, 18]. By
optimization of the motor design, a combination of
asymmetrical poles and shifted pole pairs of Syn-RM has
been proposed [19] to have less torque ripple compared to
the conventional design. Also, an asymmetrical stator is
designed for a ferrite-assisted Syn-RM by shifting the slot
opening from the center [20]. The optimization of the flux
barrier geometry through the Syn-RM rotor is one of the
design solutions for torque ripple reduction where
asymmetrical barriers were proposed [21]. A current third-
harmonic injection-based technique was also proposed [22],
but m = 3 phase number machines are excluded from this
research, because the torque produced from the current
third-harmonic has a zero-average value. In order to have a
fast response of Syn-RM operation, the optimal point of flux
reference using MTPA has been investigated [23].
DTC-SVM is employed to achieve extended operation
conditions from the point of view of torque and speed, and
new MTPA and FW control laws were proposed, but torque
ripple reduction was not included [24]. In order to
compensate the torque harmonics, an optimal current
reference is calculated based on the torque function [25].
This later technique offers simple implementation and less
computational complexity.

255



Most of Syn-RM direct torque control studies have been
performed using the flux and torque estimators in their
conventional form [13], [23-27]. In this paper an improved
DTC with MRAS flux observer is proposed to guarantee a
stable operation and less torque ripple against magnetic
parameters variation, where smooth operation is achieved
at high speeds thanks to back electromagnetic force (EMF)
compensation within the flux and torque computation.
Moreover, another method of flux angle extraction is
proposed. Instead of using voltage-based calculation, the
rotor angle position is utilized, shifted by inductance related
angle. The effectiveness of the enhanced DTC proposed in
this paper is proven by simulation upon a fully nonlinear
Syn-RM model.

2.Dynamic Model of the Syn-RM

Syn-RM working principle is based on the anisotropy of
reluctance across the rotor, while the stator is similar to
other conventional machines. The rotor design generates a
direct and quadrature rotating axis, and the corresponding
inductances are Ld and Lgq, respectively. The ratio of Ld/Lq
inductances is straight relative to rotor saliency, which has
an effect on the power factor of the motor. Fig.1 illustrates
the vector diagram of Syn-RM rotor frame d,q shifted by the
angle 6, of the fixed frame axes a,8 . The Syn-RM
measured quantities are expressed in the rotor reference
frame d, g, in order to facilitates the control computation
and dynamics.

All the quantities expressed in d,q reference frame are
calculated from stator measurements as [8]:

lhqa=M
Vd,q =M p Va,b,c

p Ia,b,c

(i)

where Mp is the Park transformation matrix,defined as,

cos G
. 2
(i) M D= /E

—sinbe

cos(Ge —2—7[) cos(Ge —4—7[)
3 3
—sin(Gp —277[) —sin(bp —47”)

The presented model of the Syn-RM takes into account iron
losses and magnetic saturation. The electrical dynamics are
expressed according to the rotor reference frame d,q axes:

where V4 denotes the direct and quadrature voltages , Rs
is the stator winding resistor , Lg,q and igq are the direct and
quadrature inductances and currents, respectively , lgm,qm
are the currents producing torque, and we is the electrical
angular speed. The relation between stator currents iy, iz and
torque producing currents iym,igm are stated as follows:

(WeL i

. . 1
(3) Ig =ldm R q qm)

c
. . 1 .
(4) Iy =lgm _R_(We Laidm)
¢

As described in Equations (3),and
presented as an additional resistor Rc.

(4) iron losses are
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Fig.1. Vector diagram of Syn-RM and coordinate axes.

3. Proposed Direct Torque Control (E-DTC)
3.1. Conventional DTC

As it is shown in Fig.2, this technique consists of
controlling torque and flux separately. Speed Pl controller
generates the electromagnetic torque reference T,,.r which
is compared with the estimated value T, , as well as the flux
control. The reference value ., is compared with the
estimated flux 15, and two hysteresis comparators are used
for errors judgment, generating three command law
possibilities for torque and two for flux.

Fig.2. Overall, Syn-RM control scheme of the proposed DTC.

To =1, for ere)Hre
To =0, for Hye)ere) — Hre

(i) To =—1, for ere(—Hre
*
ys =1, for 8W3>H,//s

*

ys=-1, for g,5(-H,

where T¢', s denote torque and flux commands, er, , &y
denote the errors, and Hr. ,Hysare hysteresis pre-set
bandwidths. According to Table 1 the plane of the voltage
vectors is divided into six sectors. Then, an optimal
switching strategy is defined for each sector. The purpose
of direct torque control is to restrict the torque error and the
stator flux error within a pre-set hysteresis bandwidth. An
optimal switching pattern is selected to generate the
required torque and flux of the motor. Hence, a closed-loop
torque control is obtained.

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 99 NR 4/2023



Table 1. DTC switching table

Sectors
1 2 3 4 5 6
Flux Torque
T.=1 V2 V3 V4 V5 V6 V1
e (110) | (100) | (101) | (001) | (011) | (010)
* 1 T.=0 V7 Vo V7 Vo V7 Vo
y/s - e (111) | (000) | (111) | (000) | (111) | (000)
T=q V6 V1 V2 V3 V4 V5
e (011) | (010) | (110) | (100) | (101) | (001)
T.=1 V3 V4 V5 V6 V6 V2
e (100) | (101) | (001) | (011) | (010) | (110)
* 4 T.=0 Vo V7 Vo V7 Vo V7
'//s - ‘ (000) | (111) | (000) | (111) | (000) | (111)
T=-q V5 V6 Vi V2 V3 V4
e (001) | (011) | (010) | (110) | (100) | (101)

3.2. Syn-RM Flux Model

The conventional flux estimation is based on voltage and
current quantities in the stator reference frame a; 8 and can
be expressed as:

(5) Y, =[(V, —i Ryt
(6) Y5 =[(Vg—igRs)dt

The flux angle can be extracted from Equations (5) and (6)
as:
Yp
(7) 0, = arctan——
\PC(
The flux estimator expressions are [28]:

(8) va = Lglg
() ¥q = Lyig

where ¥/, , are flux quantities in the rotor reference frame.

As it is well known, voltage-based flux estimator in
Equations (5), and (6) has a negative effect on the DTC
quality due to poor filters settings and/or the voltage offset
effect, as well as inductances-based flux estimator
described in Equations (7), and (8). The proposed method
for optimal flux observer is based on the dynamic model in
the rotor reference frame d,q of the Syn-RM, and it is
expressed as:

(10) Vd :j(vd _i/d\Rs TWq®e + Ky (ig _i/c;))dt

1) g =j(vq ~iqRs —wg @, + Ky (iq —iq))dt
where Kq.,Kq are error gains of the estimated currents

i ,fq , @p denotes the estimated electrical speed and it is

obtained by:
o~ kpS+ ki —~
(12) W =——— (s —¥s)

S

s is Laplace operator, g is the inductances Ly 4 related

magnetic flux, and can be expressed using Equations (8),
and(9) as:

2 2
Vs = ¥Wd T¥q

In Equations (10), and (11) the estimated flux linkage
expression contains three terms: the conventional voltage-
based expressions as stated in Equations (5), and (6); the
currents errors multiplied by a proportional gain Kd,q for

(13)
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compensation (the back EMF effect is taken into account as
well); and an additive speed related term. The presented
flux observer has the ability to withstand the disturbances
caused by the iron losses stated in Equations (3), and (4).

Thus, the non-measurable torque producing current idm qm

is therefore estimated indirectly by the proposed flux
observer.

As a result, the estimated flux to be introduced into the DTC
loop can be stated from Equations (10), and (11) as:

~ ~2  ~2
(14)  ys=+lwg+vq

The electromagnetic torque used in the DTC algorithm
is expressed as a function of the estimated flux in Equations
(10), and (11) as:

e
(15) TeZEP(‘//dlq_‘//qld)
\
o ¥
e Psi_Hat_d
R D
@j’ e : 1d_hat
error " ig Speed_Hat
@1 1 Psi_Hat g | ;
= L @
L i,
Speed hat

Fig.3. MRAS flux observer block diagram in MATLAB/Simulink.

Psi_hat q
D o O = @
Psi_hat_d Speed_hat
Fig.4. Electrical speed observer block diagram in

MATLAB/Simulink.

Fig.3 shows the block diagram of the flux observer, that
uses the electrical speed estimator illustrated in Fig.4.

3.3. Modified Flux Angle for DTC Sector Selection

As it is well known, the DTC inner loop requires a 60° flux
position to precisely generate the appropriate gate pulses
signals, according to six predefined sectors. However, in
some cases bad flux angle estimation may lead to unstable
torque and/or flux response. In conventional flux estimator,
the flux angle is mostly affected by miss-tuning of the filters
within the voltage-based flux estimator. As a second goal of
this paper, a new technique is used to smoothly control the
Syn-RM operation. The main idea relies on the use of the

rotor angle position 6,, phase-shifted by an angle s in
Equation (17), which is calculated form Equations (8), and
(9) with a speed related offset K, o, (Fig.5):

(16) O =26 +5+K )

o= arctan(ﬁ)
Yd

(17)
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Conventional and modified flux angle responses gsand
d¢ » respectively, are illustrated in Fig.6 and Fig.7 for

comparison.

>(|.q|qm|.u|¢}>—h| ArcTan I—

Fig.5. Modified flux angle scheme.
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Fig.6. Flux angles used for the DTC algorithm: & conventional
angle as in (7); éf modified angle as in (16).

-100

-200

0.146 0.148 0.15 0.152

Time(s)
Fig.7. Zoomed-in portion of the flux angles used for the DTC

algorithm: 65 conventional angle as in (7); éf modified angle as in
(16).

4. Simulation Results and Discussion

4.1. No-Load Test

The control quality and performance of the proposed
method are simulated in the MATLAB/Simulink
environment, with a Syn-RM motor parameters and
inductances Ld, Lq are shown in Table 3 and Table 4 in
Appendix , step size of 0.005 ms for the Syn-RM model,
and of 0.05 ms for the DTC controller and flux observer.
The classical DTC is tested using the conventional flux
expressed in Equation (13), for a fixed flux reference of 0.9
Wb. A speed controller based on Pl is employed, and the
torque reference limitation is set to 23 (N.m), the hysteresis
bandwidth settings were optimized, as described in
subsection 3.1. Torque and flux commands, as well as the
selected sector are introduced into a preset switching table,
in order to show some performances of the MRAS
flux/torque observer. The modified flux angle is utilized with
the conventional DTC.
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Fig.8. Obtained results using both methods, DTC and E-DTC, for
comparison: (a) speed (range 300 - 1500 rpm); (b) electromagnetic
torque; (c) magnetic flux.
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Fig.9. Zoom-in of the obtained results during speed-up at 0.5 s
using both methods, DTC and E-DTC, for comparison: (a) speed
(b) electromagnetic torque (c) magnetic flux.

The effectiveness of the MRAS flux and torque observer
described in Equations (10) and (11) is proved for a wide
speed range, starting from stand-still speed up to rated
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speed (1500 rpm). Fig.8 presents the no-load test for both
DTC an E-DTC.

The speed responses for both techniques are acceptable,
as the speed variation is restricted within less than 0.2 rpm
band. The torque responses in Fig.8.b and Fig.9.b are
remarkable. MRAS observer has reduced the torque ripple
magnitude as compared to the conventional DTC results.
The flux was smoothly controlled along the simulation
period, where its ripple band was significantly reduced from
0.04 Wb to less than 0.001 Whb.

4.2. Full-Load Test

The Syn-RM was fully step loaded (14 N.m) from O to 0.02
s. Fig.10 and Fig.11 show the obtained results from 0 to
1500 rpm. As discussed in the no-load test section, the
proposed method has a strong effect on the torque ripple
reduction, particularly when high torque response is
required within the transition state. The flux distortion
obtained by using the conventional DTC is almost
eliminated, as it is illustrated in Fig.10.c for the low-speed
region. The flux response was clearly improved by using the
MRAS observer. The electromagnetic torque frequency
spectra are shown in Fig.12.a and Fig.12.b for both
conventional DTC and E-DTC, respectively. It is obvious
that the magnitude of the torque harmonics near to the
fundamental frequency, and related to the proposed DTC,
were clearly reduced as compared to those of the case of
conventional DTC.
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()
Fig.10. Obtained results using both methods DTC and E-DTC, for
comparison: (a) speed (range 300 — 1500 rpm); (b) electromagnetic
torque at full load (14 N.m); (c) magnetic flux.
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Fig.11. Zoom-in of the obtained results during speed-up at 0.5 s,
using both methods DTC and E-DTC, for comparison: (a) speed;
(b) electromagnetic torque; (c) magnetic flux.
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Fig.12. Frequency spectra of the electromagnetic torque: (a)
conventional DTC; (b) proposed E-DTC.
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Table 2. Operational comparison of DTC and E-DTC Appendix
DTC E-DTC Table 3. Syn-RM model parameters
Average torque No load test 14.1% 11.0% Rated power 2.2 kw
ripple Load test 21.7% 12.1% Rated current 57A
Average fluxripple  No load test 3.4% 0.9% Rated speed 1500 rpm
Load test 3.1% 1.0% Rated Torque 14 N.m

4.3. Modified Flux Angle Test

In order to confirm the robustness of the modified flux-angle
estimator described in subsection 3.3, the Syn-RM DTC is
tested for both flux-angle estimators. Fig.13 and Fig.14
show the obtained results for torque and flux using
conventional flux angle and modified flux angle,
respectively. According to the presented results, as high as
the speed is increased, the electromagnetic torque and flux
are getting high ripple in the case of conventional DTC.
However, the torque and flux responses remain stable and
smooth for all the speed region, for the case of the
proposed E-DTC.

20 ﬂl Jorque &s [
—_ I | 1
£ 10 14.5|(( ’:

. 14
E 0 135 h
§ 1 1 [111] I | | f-| | T,
125 A | f
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0 0.2 0.4 0.6 0.8 1

Time(s)
Fig.13. Obtained results using both flux-angles estimators: torque

6 ; torque éf

Flux &g S
1 ns:l. \ II
I'LN'I | Iw
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= 0 ,’
; 0.6 0.8 ’II
wod F‘mx 0 § o8 0.85 09 095
0.2
0
0 0.2 0.4 0.6 0.8 1
Time(s)
Fig.14. Obtained results using both flux-angles estimators: flux &5 ;
flux éf .
Conclusion

In this paper, a robust DTC was presented using the
proposed technique for flux and torque estimation. MRAS
model-based observer was employed to estimate the
accurate quantities of torque and flux that are required
within DTC loop. A new method of flux-angle estimation is
presented in this paper, instead of using the conventional
voltage-based flux-angle. The performance of the proposed
E-DTC is confirmed by simulation. The operational results
shown in Table 2 significantly prove the robustness and
accuracy of the Syn-RM speed control using the proposed
technique.
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N° of pole pairs 2

Moment of inertia (J) 0.0137 Kg

Stator resistance 1.71Q

Table 4. Ld, Lqg Inductances look-up tables used in Syn-RM model

la(A) La(H)
Id(A) Ld(H) 0,39 0,142
0,21 0,235 062 0112
0,39 0,246 0.80 0,098
0,60 0,251 1,06 0,084
0,79 0,252 1,52 0,069
S m R
. ! 2,53 0,054
1,98 0,244 5,98 0.050
2,51 0,236 3,57 0,046
ggi g;ﬁ 4,03 | 0,044
. . 4,55 0,042
4,03 0,196 506 0081
4,52 0,182 558 0.039
4,98 0,170 6,09 0,038
5,45 0,159
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