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Nonlinear vector control of multiphase induction motor using linear quadratic regulator
and active disturbances rejection control under disturbances and parameter variations

Introduction. This paper introduces a hybrid control strategy for multiphase induction motors, specifically focusing on the dual star
induction motor (DSIM) by integrating active disturbances rejection control (ADRC) and linear quadratic regulator (LOR). Problem.
Conventional Pl-based indirect field oriented control (IFOC) of DSIM drives exhibit 3 critical shortcomings: 1) sensitivity to parameter
variations, such as rotor resistance fluctuations; 2) sluggish transient response during rapid speed and torque changes; 3) slow
disturbances rejection, such as sudden load torque variations. The goal of this work is to achieve enhanced reliability, precision and
robustness of DSIM drives in high-performance demand applications such as automotive. Methodology. The proposed hybrid control
architecture is structured as follows: 1) IFOC decoupling. The DSIM’s stator currents are decomposed into 2 components using Park
transformations, aligning the rotor flux vector to the d-axis. 2) The LOR is designed to optimize the outer speed/torque loop regulation
by minimizing control efforts and state deviations. 3) ADRCs controllers are designed in the inner current loops. Each controller utilizes
an extended state observer to estimate and compensate parameter variations and external disturbances in real time. Results. Simulations
using MATLAB/Simulink validation on a 5 kW DSIM under multiple scenarios confirm the robustness of the proposed hybrid strategy.
Scientific novelty. The contribution lies in the integration of ADRC and LOR in IFOC: The hierarchical fusion of ADRC (inner loops)
and LOR (outer loop) uniquely leverages ADRC’s and the LOR’s real-time power to handle any disturbances and unmodeled dynamics.
Practical value. The proposed technique demonstrates enhanced performances in speed’s response, sudden load torque demands and
parameter variations. It exhibited high robustness even under degraded conditions such as phase faults, making this strategy ideal for
high-performance applications like electric vehicles, where stability and adaptability are critical. References 31, tables 2, figures 24.

Key words: optimal control, active disturbances rejection control, indirect field-oriented control, multiphase induction motor,
three-level neutral point clamped inverters.

Bemyn. 'V cmammi poszensidacmucs 2ibpuona cmpamezisi YpasiinHa 0a2amo@asnumu ACUHXPOHHUMY OBUSYHAMU, 30Kpema 3
¢hoxycom Ha acuHxpoHHuil 08ueyH 3 nodeitiHorw 3ipkoto (DSIM),uinaxom 3anyyeHHs akmueHo2o YNPAaeuiHHA NPUOYULEHHAM 30YpeHb
(ADRC) ma niniiino-xeadpamuunozco pezyasmopa (LOR). IIpoonema. Tpaduyitine nenpame noneopienmosane ynpasninus (IFOC) na
ocnosi Ill-pecynamopa npusodie DSIM mae 3 kpumuuni nedonixu: 1) yymausicmos 00 3MiH napamempie, maKux ik KOIUSAHHSA ONOPY
pomopa; 2) inepyitinuil nepexionui npoyec npu WEUOKUX 3MIHAX WEUOKOCMI MA KPYMHO20 MOMEHMY, 3) nogiibHe NpuoyueHHs
30YpeHb, MaKux AK pi3Ki 3MiHU KPYMHO20 MOMeHMY HaganmadxcenHs. Memoto pobomu € nioguujenns HAOitiHoCmi, MOYHOCMI ma
cmitkocmi  npueodie DSIM y  6ucokonpoOyKmueHux 3acmocy8auHsax, Maxkux AK aemomobinedyoysanns. Memoodonozia.
3anpononosana apximexmypa 2ibpudnozo ynpagiinna cmpykmypogana makum yurnom: 1) Posze’azysanna IFOC. Cmpymu cmamopa
DSIM posxnadaiomvces na 2 cknaoosi 3 eukopucmantim nepemeopens llapka, supieniorouu eexkmop nomoky pomopa oci d. 2) LOR
npusHayeHuil 0Jisk ONMUMI3ayii pe2yno68anHts 306HIUHb020 KOHMYPY WEUOKOCMI/KPYMHO20 MOMEHIMY 3d PAXYHOK MIHIMI3ayil 3yCulb 3
ynpagninna ma eioxunenv cmany. 3) Konmponepu ADRC cnpockmosgani y enympiuinix cmpymosux xoumypax. Koowcen konmponep
BUKOPUCTOBYE PO3WUPEHUL CROCMepieay cmany 015 OYIHKU ma KoMHneHcayii sMin napamempie ma 3068HIUHIX 30ypeHb Y pearbHOMY
yaci. Pesynemamu. Mooemosanns 3 euxopucmannam eamioayii y MATLAB/Simulink ons 5 kBm DSIM y kinekox cyenapisx
niomeepoxcye Hadilinicms 3anpononosanoi 2iopuonoi cmpamecii. Haykoea noeusna. Brnecox noaszae 6 inmeepayii ADRC i LOR &
IFOC: iepapxiune snummsa ADRC (enympiwmix xoumypig) i LOR (308HiuHb020 KOHMYPY) VHIKATbHUM YUHOM GUKOPUCTHOBYE
nomyacnicmoe ADRC ma LOR @ peanvnomy uaci 0na o6podku 0yOv-axkux 30ypenv ma Hemooenvosanoi ounamixu. Ipakmuuna
yinnicme. 3anponoHosana mMemoouxka 0eMoHCMpPYe NOKPAWeHi XapaKxmepucmuKky npu peacy8anti Ha WeuoKicms, panmosi eumozu
00 KPYMHO20 MOMEHMY HABAHMAICEHHs | 3MiHU napamempie. Bin nokazas eucoxy Halilimicmb HAGIMb 34 YMO8 NOSIPULEHHS
Xapakmepucmux, makux K pasoei 3aMUKaHHa, wo podums yio cmpameziio i0eanbHolo Ol 8UCOKONPOOYKMUBHUX 3ACMOCYB8AHD,
MAaKux AK e1ekmpomooini, de cmadbiibHicmb ma adanmueHicms Maoms eupiwanvhe sHavenns. biom. 31, Tabdmn. 2, puc. 24.

Kniouosi cnosa: onTuMalibHe KepyBaHHS, AKTHBHE NMPUAYIIEHHS IEPEIIK0], ONocepeJKOBaHe I0JIEOPiCHTOBaHEe KepyBaHHS,
O0aratoda3Huii aCHHXPOHHMI{ ABUTYH, TPUPiBHeBI iHBepTOpH 3 (PiKCOBaAHOI0 HEHTPAIBLHOK TOYKOIO.

Introduction. Three-phase induction motors have
broad applications across industries and electric traction
and have gained large attention in recent researches [1, 2].
However, multiphase motors have become favored in
traction applications like electric vehicles and electric
marine propulsion due to their superior features over three-
phase motors. They distribute power across more phases,
reducing power per phase and torque ripples. Multiphase
motors enhance fault tolerance and torque density with
increased degrees of freedom and harmonic current
reduction [3]. However, multiphase motors are inherently
nonlinear systems due to their coupling between stator and
rotor flux dynamics. As a result, achieving precise control
over their dynamic performance during variations in speed
and torque remains a challenging task. The choice of
strategy depends on the specific application, computational
resources, and performance requirements. To this end,
innumerable control strategies have been developed to fully
exploit multiphase induction motors performance across
various operating points.

Starting with the most familiar strategies, namely
scalar control, vector control, and direct torque control
(DTC) [4-8], where authors [5] designed a flux and speed
state observer for sensorless control of a dual star
induction motor (DSIM) for direct vector control. A
comparison with the sliding mode model reference
adaptive system technique was conducted to evaluate
speed and flux tracking during transients and parameter
variations. The results demonstrated the observer’s
superior robustness against uncertainties, disturbances,
and speed changes, while reducing torque ripple
compared to model reference adaptive system. However,
the proposed state observer still sensitive to parameters
variations particularly in low speed. A novel vector
control scheme for speed sensorless control of a dual
stator induction generator in a grid-connected wind
energy conversion system is presented in [6]. This work
introduced a 9-zone space vector-based hybrid pulse
width modulation (PWM), which optimally controlled
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grid and motor side converters, reducing torque pulsation,
current ripple, and switching losses. Simulation and
laboratory validation demonstrated that the proposed
sensorless control outperformed conventional vector
control schemes. However, while the hybrid PWM and
sensorless control provide significant advantages, the
work lacks parameter variation tests.

When conventional DTC scheme is extended for the
multiphase motors, it can produce undesirable harmonics
(5™ and 7™ order) in phase currents which cause losses in
the motor winding, as a remedy, a simplified method of
synthetic vectors generation is proposed in [7]. By using
the mapped voltage vectors in d-g and x-y subspaces, dwell
times are calculated to suppress the effect of some
undesirable vectors and generate new synthetic vectors.
These latter are achieved by both field programmable gate
array and PWM module. Experimental results shown that
with the proposed DTC the current’s total harmonic
distortion (THD) is reduced by ~70 % when compared to
that of traditional structure. The authors [8] proposed a
modified DTC strategy that employs a 2-step approach to
select the optimal vector for supplying the DSIM,
effectively reducing harmonic currents. To address the
steady-state torque error associated with the conventional
5-level hysteresis controller, they developed a 5-level
torque regulator that replaces the zero-voltage vector with
active voltage vectors and incorporates a PI controller
within its structure to enhance steady-state performance.

More advanced techniques have been investigated, for
instance, in [9], the authors presented a sensorless control
system using super twisting sliding mode control for direct
speed and flux control, which ensured robustness, finite-
time convergence, and reduced chattering while eliminating
speed and position sensors. The innovative torque-sharing
algorithm enhanced performance across a wide speed
range, including zero speed, preventing winding overload.
However, the dependency on the observer of the rotor
speed and winding fluxes was a notable problem, along
with the need for load torque information for optimal
torque sharing. Following the SMC context, authors [10]
proposed a nonlinear integral backstepping control for
DSIM, improving robustness under parameter variations by
using both reduced and complete mathematical models.
The control strategy ensured asymptotic global stability and
effective load disturbance rejection. Simulation results
validated the superiority of the complete model over the
reduced one, showing better handling of internal parameter
changes, particularly rotor resistance, maintaining
decoupling between flux and torque. However, the
increased complexity in implementing the complete model
was a drawback compared to the simpler reduced model.

Model predictive control has gained a lot of interest
from the AC motors control community due to its
effectiveness in controlling multi-input, multi-output
systems with constraints. Several enhanced model
predictive control strategies have been developed with the
aim of exploring more efficient solutions [11, 12]. The
objectives include simplifying algorithms, designing
optimal weighting factors, improving parameter robustness,
and minimizing current or torque ripples. For example, in
[13], the authors proposed a new modulation strategy in
model predictive currents control (MPCC) that combines
virtual vectors and space vector modulation for an

asymmetrical 6-phase induction motor. Compared to
previous MPCC strategies, such as MPCC with virtual
vectors and MPCC with finite set formulation, the proposed
MPCC outperforms these methods in x-y current reduction
and THD. Additionally, a robustness test confirmed the
controller’s stability under parameter variations.

Some works have been devoted to model reference
adaptive control techniques for the DSIM speed control. An
adaptive control technique based on the Landau stability
theorem was applied in [14] to improve speed regulation.
The controller adapts parameters over time using a closed-
loop output error algorithm, ensuring robustness against
motor parameter variations. Simulation results demonstrated
satisfactory speed control, quick disturbance rejection, and
smooth electromagnetic torque without peaks. Robustness
tests under rotor resistance variations confirmed the
method’s efficiency in normal and severe conditions.

Other papers have opted to use Al-based strategies as
fuzzy, neural network and neuro-fuzzy controllers. An
adaptive fuzzy controller based on Lyapunov’s stability
algorithm was developed in [15]. The approach used a
recalculation of the PI-fuzzy speed gains regulator in real
time. MATLAB/Simulink simulations showed improved
tracking performance and robustness against parameter
variations compared to the conventional PI-fuzzy controller.
However, tests were limited to medium speeds (£100 rad/s),
the DSIM was not at full load, and keeping traditional PI
current controllers make the system susceptible to
disturbances. A sensorless 5-level DTC scheme based on
neural networks and an extended Kalman filter for a DSIM
was studied in [16]. To improve robustness and dynamic
performance, artificial neural networks were employed, and
extended Kalman filter was used to estimate rotor speed,
reducing sensor requirements and installation costs.
Simulation results in MATLAB demonstrated that the
proposed control scheme provided highly satisfactory
performance for the DSIM. However, the work necessitates
tests at low speeds as well as evaluations of robustness
against parameter variations. In [17], a neuro-fuzzy scheme
was developed for speed control of a DSIM with improved
performance. A 4-layer network was used to optimize the
fuzzy elements by minimizing the squared error. Two 5-
level inverters with PWM techniques and indirect field-
oriented control (IFOC) were implemented. Simulation
results showed the neuro-fuzzy controller provided better
speed response, robustness to load disturbances, and
parameter variations compared to a conventional inverter.
Additionally, the 5-level inverter significantly reduced stator
currents and pulsating electromagnetic torque. Another
aspect of Al optimization techniques has been used with a
synergetic control to improve the performance of vector
control scheme of a DSIM in [18]. The optimal parameters
in the speed loop are obtained based on the synergistic
control theory and the particle swarm optimization. The
results showed that synergetic control enhances the
robustness of drive speed control, offering superior
performance in load torque rejection and reducing torque
vibrations caused by chattering.

Optimal control strategies, like the linear quadratic
regulator (LQR), aim to minimize a defined cost function,
such as energy consumption, torque ripple, or trajectory
tracking errors, while adhering to system constraints.
Although these techniques are not commonly applied to
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multiphase motors, studies in [19-21] investigated their
use for induction motors, showing promising potential for
such strategies.

Finally, in [22], the authors proposed a control
scheme for a DSIM using active disturbance rejection
control (ADRC) without relying on current or speed
sensors. By utilizing only DC voltage information and the
switching states of the converters, voltage observers were
employed to estimate the stator currents and rotor speed.
It is noteworthy that ADRC was applied solely to the
stator currents, while traditional PI controllers were
retained for speed and flux control. However, despite the
promising results, the system was not tested under
conditions of parameter variation.

To ensure high robustness against external
disturbances, such as load torque variations and changes
in speed reference, and to improve the efficiency of the
IFOC system in addressing internal disturbances,
including variations in stator and rotor resistance as well
as changes in the moment of inertia and even in degraded
conditions such as phase fault, 2 advanced regulators will
be utilized. The LQR regulator will be employed to
regulate speed and torque, while the ADRC regulator will
be used to control the reference voltages of the inverters.
By adopting this approach, classical PI regulators will be
avoided, thereby eliminating the performance limitations
typically associated with these regulators.

The main problem addressed is: how can a hybrid
LQR-ADRC strategy be designed and validated to replace
conventional PI regulators in IFOC systems, ensuring
superior robustness, efficiency, and fault tolerance under
complex operational scenarios? By resolving this, the
study aims to eliminate the performance limitations of PI-
based systems while enhancing the reliability of
multiphase motor drives in electric vehicles.

Mathematical methods and modeling.

Model of the DSIM. The DSIM is a type of a 3-phase

= induction motors which contain

dual stators coupled in star, the

phase shift between the first and

the second star is and the rotor

»  windings are shorted. Figure 1

shows the distribution of fluxes
axis of all windings.

By applying the Park

transformation on the 3 windings

"I o
Fig. 1. Spatial distribution ¢ e DSIM, the system will be

of fluxes in the DSIM

expressed as follows [3]:
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where R,;, Ry, are the resistances of the 1st and 2nd star;
R, is the rotor resistance; w,, w are the angular velocities
of the stator and the rotor; V1.2, g2 Pageniz are
the motor’s voltages, currents and fluxes.

The stator fluxes expressions are given by:

Past = Lstigst + Lin Ggs1 +igs +igp);
Pis2 = Lyotger + Ly (g1 +iggo +igy);
¢qsl = leiqsl + Lm(iqsl + iqu + iqr);

2

¢qs2 = Ls2iqs2 +Ly, (iqsl + iqs2 + iqr);
Par = Lyigy + Ly (igy + lgs1 +igs2);
_¢ Lrlqr +L, (iqr + iqsl + iqs2)’

where L, Ly, are the inductances of the 1st and 2nd star;
L, is the rotor inductance; L,, is the mutual inductance.

Using stator currents and rotor flux components, the
equation for electromagnetic torque is:

Tem L L
where p is the number of pole pairs.
Finally, the rotational equation is given by:
d 1
EQ = 7(Tem -1
where Q is the mechanical rotor speed; J is the moment of
inertia; 7} is the load torque; F, is the friction coefficient.
Modeling of the IFOC. The principle of field-
oriented control is to realize decoupling between the
magnetic flux and the torque. Unlike the direct approach,
IFOC calculates the rotor flux angle indirectly by using
the shafts’ speed information, which eliminates the need
to directly measure the rotor flux position.
By aligning the d-axis with the rotor’s flux, the
orientation is achieved, resulting in the following [23]:

¢qr =0 >dy =9, (5)
The new system can now be governed using the
decoupling terms v 4 and ey as follows:
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where 7,=L,/R, is the rotor time constant; w,, is the slip
frequency. The symbol (*) indicates the references.
The electromagnetic torque is:

L,

T —m
L+L

em

(¢dr(lvql +l€q2)) P—(— ¢dr vq) (9)

L, L
Equation (9) shows that the electromagnetic torque
is similar to that of a separately excited DC motor, which
demonstrates that torque and flux are now decoupled.
The synchronous angular speed can be derived as:
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LR,
W, =0+ wg = p+—1"L— ch ) (10)
Lm+L” ¢dr

The complete scheme of the classical PI-based IFOC
is presented in Fig. 2.

iufl
Fig. 2. Schematic of the classical IFOC with PI-based controllers
fed by double 2-levels inverters

Design of the LQR. In this section, the LQR will be
used as an advanced regulator to regulate speed and
torque of the DSIM, in objective to ensure high
robustness against phase fault, load torque variation, high
precision within the shortest time possible without
surpassing the motor capacity.

First, let’s take the Laplace transform of (4)
considering 7} as perturbation (i.e. 7, = 0) as follows:
£ ! . (11)
T Js+FE,

To define the LQR regulator, (11) must be converted
into state-space representation. For this purpose, state-
space variables are chosen so that:

X =9;
. (12)
Xy = Q,
Using (4) in (12) will give:
{XI s (13)
Xy = I/J = (Top =T — Frxp).
In matrix form it will be:
)-Cl _ 0 1 X1 + 0 T 0 T (14)
i | |=F. )T O|xy| [1] |yJ
The output of this system is:
y= ()][x1 } (15)
X2

So, the matrixes 4, B, C, D are then defined as:

|2, o te1=| 1 ie1-b alipl-o

The control law of the LQR regulator is defined as:

Ulgr = —Kigr [x] : (16)
where K}, is the feedback gain of the regulator:
Kig=R-B-P, (17)

where R is the Ist controller matrix. In our case it has
been set as:

-50 50
R=5 ;
{ 1 —50}

P is the solution of the covariance equation (Ricatti
equation) which is defined by:

AT P+P-A-P-B-R'BT.P+cT.0-C=0. (18)
Q is the 2nd controller matrix: O = 100.

The matrixes R and Q represent a degree of freedom
to adjust between minimization of the error and the effort
of the control, in other way to control precision and
response speed. The only inconvenient of this technique is
to find a relationship between these 2 matrixes to ensure
the desired robustness.

Substituting (16) in (18) will lead to a closed loop
system such that:

[i]=([4]-[8- K |) 5] (19)
The new state spafﬁ Zfl jle j}[lsiem will be:
Uil @

The structure of the LQR regulator used in the speed
loop is depicted in Fig. 3.

[

Fig. 3. Speed regulation using LQR

Modeling of the ADRC. ADRC is a robust control
strategy designed to estimate and compensate for system
uncertainties, external disturbances, and nonlinearities in
real-time. By combining an extended state observer to
estimate disturbances and a feedback controller to reject
them, ADRC enhances the performance and stability of
dynamic systems.

The ADRC control was first proposed by Han in
1990s as an alternative to PID controllers [24]. Since
then, it has been used in flux or torque regulator in vector
control [25-29]. We opted to apply it to the DSIM, in aim
to improve torque response, reduce sensitivity to
parameter variations, and ensure robust operation under
load disturbances. The illustration of the used ADRC is
shown on Fig. 4 [30].

v Vi e ¥

- TD —b— —b NL!:EF—-— —1—» Plant

ifbo bo

L l

Fig. 4. Schematic description of the ADRC

According to this work, ¥ is the tracking signal for
the current reference 'y, While e is the error signal of
the current loop. The term u, corresponds to the output of
the nonlinear state error feedback, and u is the reference
voltage adjusted by the estimated disturbance.
Additionally, z, and z, are the tracking signal for i, 2
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and the estimated disturbance, respectively. The tracking
differentiator makes the feed-back error change gradually
to solve the contradiction between rapidity and over-
shoot. And b, is a nominal control gain, it’s an estimate of
the system’s input gain, which relates the control input to
the system’s dynamics.

Thus, 4 ADRC regulators will be used to control the
DSIM currents, where their outputs will constitute the input
voltages of the inverters. As it can be seen in Fig. 5, based on
the current transfer function of the DSIM, the state
formulation of current loop can be defined by:

X1 = Is1,2(dg) ®; o
X2 = Ig1 2(dg) (1)-
X =X
(22)

Xy = Li(u(f) ~Ryxy).

s

‘\d.:gc 1.2 v\‘d,q(l,’_’; 1 '511‘;(1.2‘1

ADRC
Regulator

Ls12)S + Rsq12)

Fig. 5. Currents regulation using ADRC regulator
The current’s matrixes of the system will be:

[4]= {_ o (ﬂ [5]- L/OLJ, (=i o] [p]=o.

The ADRC regulator will be used to compensate the
last system, so the new state space will be:

x| =Xp;
%y =1/Lg(u(t = Ryx; +25(0)); (23)
)'6'3 = Zz(t).

The control low of the previous system shown in
(23) will be:

Ug = (iref —Z] )Wcz* _2Wc Z2(t)§
(24)
u(f) zbi(uo —2,(1)),
0

where w, = 5000 is the bandwidth of the observer; b, =5000.
The extended state space of the previous system

shown in (23) will be:
0 1 0]x 0
[x]=| Ry/Ly O 1| xy |+|1/L; (g =2(0) (25)
0 0 0 x 0 %o
While the output of the extended system is:
X
yo=[1 0 0] x| (26)
X3
And the new matrixes are:
0 1 0 0
[Aext]: Rs/Ls 0 1By = I/Ls ’Cext:[l 0 0]’
0 00 0

The scheme of the proposed strategy is shown in Fig. 6.
Simulation results and discussion. In this section,
we will evaluate the performance and robustness of the
DSIM fed by dual 3-level neutral point clamped inverters.

Field

i with
weakning  'sa

,~— ADRC
(Currents)

sq2 '52,abe P [3NP§I, ) ‘
- i
VL ]
Fig. 6. Global control scheme of the proposed LQR-ADRC
speed and current controllers connected to dual neutral point
clamped inverters

Using MATLAB/Simulink, 2 control strategies were
tested: the traditional IFOC with PI regulators, and an
advanced approach combining IFOC with LQR for
electromagnetic torque control and ADRC for current
regulation. The simulations include tests to assess the
system’s ability to track speed references, handle external
disturbances, and maintain stability under challenging
conditions, such as phase faults and internal parameter
variations. Additionally, a THD study is conducted to
evaluate the system’s harmonic suppression capabilities. The
motor parameters used in this study are listed in Table 1 [31].

Table 1
DSIM parameters

Parameters Value
Rated power P, kW 4.5
Line-to-line voltage V,,, V 380
Rated speed £, rad/s 288.29
Number of pole pairs p 1
Stator inductance L,, mH 22
Rotor inductance L,, mH 6
Mutual inductance L,,, H 0.4092
Stator resistance R, ) 3.72
Rotor resistance R,, Q 2.12
Moment of inertia J, kg-m? 0.00625
Friction coefficient F,, m/(rad-s™) 0.001

Test 1. Evaluation of reference tracking at variable
speed. Figures 7, 8 illustrate the speed and torque
responses of the DSIM controlled by the classical IFOC
(Qp1, Temeen) and the IFOC-based LQR-ADRC approach
(QLQR-ADRC7 Tem(LQR-ADRC)) under Varying Speed references.
Initially, the motor operates with a speed reference of
100 rad/s, 300 rad/s, followed by a reduction to 200 rad/s,
and finally reverses its rotation to —100 rad/s. These
figures demonstrate the system’s ability to track both
positive and negative speed references with minimal
delay, indicating robust and efficient speed control. At
start, it’s shown that the torque peak is the same for both
techniques (=56 N-m). After that, the variation in the
speed reference causes transient scenarios in torque for
both techniques. However, the LQR-ADRC demonstrates
a faster stabilization time, with the presence of additional
peaks ~20 N-m, while the IFOC-PI shows a longer
stabilization time with less peaks and torque ripples.

Figures 9, 10 show the direct and quadrature
components of the flux (@q., ¢,-) of the DSIM. It can be
seen that the orientations are successfully achieved.
However, the LQR-ADRC shows a stable decoupling
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despite some ripples at speed reference changing, while
the classical IFOC shows a longer and stable response.

QLQRfA DRC QPI

’ o

300 b
0, rad/s

200 1

100 1
zoom

100

80
-100 r

60
0.3

0.2 0.4 0.5 t,8

-200

0 1 2 3 4
Fig. 7. Speed of the DSIM under variable speed reference
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Table 2

Pl-based vs LQR-ADRC-based IFOC performance analysis

. Speed range, | Classical | LQR-ADRC
Criteria P s - IFOC | based IFOC
0100 0.5 0.24
o 1005300 0.7 04
Stabilizing £, s = 10=500 0.45 0.25
200— —100 1 0.65
Overshoot, % 0 0
Precision, % 99 99.98

Test 2. Performance against external disturbance.
Here, the motor starts with 250 rad/s step reference. Then,
a sequence of multiple load-torques are applied as the
following: 7;=10 N-mat¢f=1s, 7;=20 N-mat =2 s, and
T;= 20 N'-m at ¢ = 3 s. From Fig. 11, the LQR-ADRC
instantly rejects disturbances, while the Pl-based IFOC
has significantly longer rejection time. Figure 12 shows
the LQR-ADRC’s electromagnetic torque response is
faster than classical [FOC.
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Table 2 compares the 2 approaches in terms of
stabilization time, overshoot, and precision. One can
observe that the new approach (LQR-ADRC-based IFOC)
surpasses the classical PI-IFOC in both precision and
stabilization time, while maintaining 0 % overshoot. This
demonstrates high robustness in tracking reference speeds.
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Fig. 11. Speed of the DSIM under load variation
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Fig. 12. Torque of the DSIM under load variation

Test 3. THD comparison. Figures 13, 14 show the
currents of the 1st star of the DSMI. The waves form is
regular in LQR-ADRC compared to classic [IFOC.

Figures 15, 16 reveal a THD of 13.72 % with
Pl-based IFOC, compared to 5.18 % with LQR-ADRC-
based IFOC. This demonstrates that the proposed
approach is more effective at minimizing harmonics.

Following the 3 tests and the analysis of their
results, which demonstrate that the LQR-ADRC
outperforms the IFOC in most scenarios, further tests will
be conducted to evaluate the robustness of this new
approach. This time, the focus will be on phase faults and
internal disturbances, such as variations in stator and rotor
resistances and changes in the moment of inertia.
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Test 4. Phase fault examination. In this test, the motor
will start with a load torque 7;=20 N-m. It will then
encounter several changes of reference speed and at 1 =4 s,
a phase fault will occur in the phase A of the 1st star.
Figure 17 represents the speed response of the DSIM,
while Fig. 18 shows the electromagnetic torque. Despite
these severe conditions, the system continues to operate
effectively without losing service continuity or
compromising its stability. It demonstrates remarkable
resilience, maintaining its robustness and consistent
performance even under challenging circumstances.
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Test 5. Robustness against internal parameters
changing. The impact of parameters variation is a critical
factor in the performance of the control system. These
changes can affect the dynamics of the motor such as the
rotor flux linkage, torque production, and current regulation.

At this scenario, tests will be conducted against
internal parameters such as R, R, and J to evaluate the
system’s robustness. First the system will start with normal
parameters. In all scenarios, the motor will operate at a
reference speed of 100 rad/s, with a resistant torque of
20 N'm applied at + = 1 s. The parameter will then be
multiplied by 1.5 att=2s,by 2 at t =3 s, and by 2.5 at
t =4 s, resulting in a 250 % increase.

Figures 19-24 highlight that rotor resistance
variations influence the transient dynamics without
compromising the stability or balance of the stator
currents thanks to the proposed controllers. Despite these
variations, the control system maintains robust
performance, as evidenced by the actual speed
consistently aligning with the reference speed without
noticeable deviations or delays. This indicates that the
control strategy effectively compensates for the effects of
resistance changes, ensuring stability and precision.
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Fig. 24. Torque of the DSIM under moment of inertia variation

Conclusions. In this work, LQR regulator has been
employed to regulate the speed of a DSIM, while ADRC
regulators have been used to control the currents.

Several tests have been conducted and the results
revealed that the LQR-ADRC-based IFOC control strategy
significantly outperforms the classical PI-IFOC in terms of
speed control, stabilization time, and robustness. The LQR-
ADRC exhibits faster stabilization times across various
speed transitions, with minimal current ripples and no
overshoot, maintaining a high precision. It also shows
superior performance under external disturbances, such as
load torque variations, where it maintains speed response
stability without significant deviations. In phase fault
scenarios and internal parameter variations, the LQR-ADRC
proves highly robust, maintaining precise speed control and
stability even under degraded conditions. In conclusion, the
LQR-ADRC-based IFOC emerges as a more efficient and
robust control strategy, particularly in dynamic and
challenging operational conditions.
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