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Ensuring service continuity in electric vehicles with vector control and linear quadratic
regulator for dual star induction motors

Introduction. In this paper, the use of a Linear Quadratic Regulator (LOR) to control a Dual Star Induction Motor (DSIM) powered by dual
three-level neutral point clamped inverters in electric vehicle (EV) propulsion systems is explored. Purpose. Ensuring both high
performance against parameter sensitivity and service continuity in the event of faults is challenging in EV propulsion systems. The aim is to
maximize both system performance and service continuity through the optimal design of the controller. Methods. DSIM is controlled by a
LOR, which is replaced the traditional PI controller in the field-oriented control (FOC) system for speed regulation. Starting with FOC the
optimal regulator is designed by introducing a minimization criterion into the Ricatti equation. The LOR control law is then employed as a
speed regulator to ensure precise regulation and optimize DSIM operation under various load and speed conditions. The avoidance of
linearization of the DSIM facilitates the exploitation of its true nonlinear dynamics. Novelty. Three tests are conducted to evaluate system
performance. A precision test by varying the reference speed and analyzing speed response, settling time, precision and overshoot, a
robustness test against parameter variations, assessing system robustness against changes in stator and rotor resistances and moment of
inertia, and a fault robustness test evaluating system robustness against faults such as phase faults while maintaining load torque. The
results show that this approach can keep the motor running smoothly even under parameter variations or degraded conditions. The
precision and adaptability of the LOR technique enhance the overall efficiency and stability of the DSIM, making it a highly viable solution
Jfor modern EVs. This robust performance against parameter variations and loads is essential in ensuring the reliability and longevity of EV
propulsion systems. Practical value. This approach holds significant potential for advancing EV technology, promising improved
performance and reliability in real-world applications. References 44, tables 2, figures 15.
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Bemyn. 'V yili cmammi 0ocaiodcyemscsi 6UKOpUCmanms niHitino2o keaopamuunozo peeyismopa (LOR) ons xepysanns acumxpoHHUM
d8u2yHoM i3 nooeitinoio 3ipkoro (DSIM), wo scusumscs 60 NOOGIIHUX MPUPIGHEBUX THEEPMOPIE 13 3aKPINICHHAM HEUMPAIbHOI MOYKU 8
cunosux cucmemax erekmpomooinie. Illpusnauenus. 3abesneuens sx 6UCOKOL RPOOYKMUGHOCH WOO0 YYMAUBOCHE 00 napamempis, max i
besnepepsHocmi pobomu 8 pasi HeCHpasHocmell € CKIAOHUM 3a80AHHAM OJiA CUTOBUX CUCIEM eNeKmpomooinie. Memoio € maxcumizayis sx
npoOOYKMUGHOCMI cucmemu, max i 6esnepepsHocmi 00Cy208y6anis 3a OONOMO2010 ONMUMANLHOI KOHCMpPYKYii Konmpoaepa. Memoou.
DSIM xepyemvca LOR, axuii 3amintoe mpaouyitinuii PI-konmponep y cucmemi opienmoganozco Ha noie kepyearta (FOC) ona pezynosanms
weuoxocmi. Houunarouu 3 FOC, onmumanshutl pe2yiamop po3poOnsemvcs uiaxom 66e0eHHs Kpumepiro MiHimizayii  pienanus Pixammi.
Tlomim 3axon xepysanns LOR @uxopucmogyemvcs Sk pecyisimop weuokocmi O 3a6e3nedents moyHo20 pe2yilo8ants ma Onmumizayii
pobomu DSIM 3a piznux ymoe nasanmagicenmsi ma wieuokocmi. Yuuxnenns nineapusayii DSIM nonezuiye guxopucmanis 1io2o cnpasicHboi
Heninitinoi ounamixu. Hoeusna. /[nsi oyinku npooykmueHoCmi cucmemu npogoosmvCsi mpu mecmu. Bunpobysanns na mouHicms wisxom
BMIHU eMANOHHOI WEUOKOCIE MA AHAIZY 6I0N0BI0T HA WEUOKICb, YACy 6CMAHOGIICHHS, MOYHOCME MA NepepeyO8anHtsl, 6UNPOOYEAHHs HA
cmitikicms w000 eapiayiii napamempie, OYiHIO8AHHA CIIIKOCMI CUCEMU W00 3MiH ONOpY CIamopa ma pomopa ma MoMeHmy inepyii, a
Maxodic mecm Ha CMIUKICMb 00 HeCnpagHocmell, o OYIHIOE CMIUKICIb cucmeMu npomu HecCnpagHocmetl, Makux K 3aMuKanHs @as,
30epiearouu MOMeHm HaeanmaicenHs. Pesynomamu noxasyiome, wo yeti nioxio moosce niompumysamu 6e3nepebitiny pobomy 0sucyHa
Hagimb 3a KOIUBaHb napamempis abo nozipuenux ymos. Tounicmo i adanmugnicmes mexriku LOR niosuwgyroms 3aeanvhy eghekmugHicms i
cmabinenicme DSIM, wo pobums tio2o Oyice Jcumme30amuum pilieHHIM O CYHacHUxX enekmpomooinie. Lla naditina poboma npomu
KOIUBAHb NAPaMempie i HABAHMAICEHb € BANICTUBOIO OJiA 3a0e3neyeHHs HAOIIHOCME Ma 0068206IYHOCHIL CUTIOBUX CUCIEM eleKmpOoMOOLS.
Ilpaxmuuna yinnicme. Llei nioxio mae 3naunuti nomenyian 015l 600CKOHANCHHs MEXHONO02I eNeKmpoMOOINié 3 MOUKU 30PY NOKPAWEHO!
npoOyKmueHocmi i HaditiHocmi y peanvhux npukiadax. bioin. 44, Tadm. 2, puc. 15.

Kniouosi cnosa: acHHXpPOHHUIA IBUTYH 3 NMOABiiiHOIO 3ipKol0, JiHIi{HO-KBaPATUYHMIT peryasATop, 3adikcoBaHa HeHTpaabHa
TOYKA, eJIeKTPOMOOi/Ib, KEPYBAHHS 3 OPi€HTALIEIO 32 MOJIEM.

Introduction. Preserving the environment is a top
priority in today’s world. Pollution and climate change
are forcing us to reconsider the way we travel. Electric
Vehicles (EVs) unquestionably represent an efficient
measure and a promising solution to this problem [1]. In
the world of EVs, the core of this technology lies in their
propulsion system, which separates it from combustion
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Fig. 1. Powertrain of EV

vehicle. It contains [2] (Fig. 1):

e the battery, which is an energy storage unit that
powers the electric motor for vehicle propulsion. Often, EVs
are equipped with Battery Management System (BMS) that
supervise the performance of the battery and motor,
optimize energy efficiency, and ensure safe operation;

e the electric motor is responsible for converting electric
energy into mechanical energy to drive the vehicle’s wheels;

e the inverter is an electronic converter that controls
the direction and power of the electric current supplied to
the motor;

e the embedded control system, that control the inverter
state and hence the direction and the speed of the vehicle.

To control any AC motor, an essential step called
Field-Oriented Control (FOC) is used. FOC allows us to
decouple the electromagnetic torque from the flux, making
AC motors behave similarly to DC motors [3]. This
technique provides several advantages, including high
efficiency, better torque control at low speeds, smooth
operation, a wide speed range, and improved dynamic
response [4]. Nevertheless, FOC requires an estimator to
calculate angular velocity feedback for speed control [5].

Purpose. This paper aims to maximize the
performance of EVs by improving the powertrain of the
EV, and to do so a comparison between regulators such as
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Sliding Mode Control (SMC) regulator, Model Reference
Adaptive Control (MRAC) regulator and Linear Quadratic
Regulator (LQR) to choose the most appropriate one. In the
context of ensuring service continuity of EVs, it is essential
to choose an appropriate type of motors from the
commonly used types that are AC and DC motors.

Brushless (BLDC) motor. With the elimination of
brushes, the BLDC motor has emerged as a solution to the
old DC motor. This type of motor offers improved efficiency
and requires less maintenance [6, 7]. Additionally, it has the
ability to provide higher torque and power over a wide
operating range, compared to the older DC motor. However,
the BLDC motor has a relatively limited field weakening
capability. Furthermore, high speeds pose a safety risk due to
the potential for magnet breakage. They are also sensitive to
high temperatures, which affects the overall motor
performance [6, 8]. While the BLDC motor offers various
advantages as mentioned, it may not ensure service
continuity in the presence of motor faults, which make it
not the most suitable motor in this case.

Induction motor. The simple structure, high
reliability, robustness, reduced maintenance, low cost, and
operation even in adverse conditions are all advantages that
led Tesla Company to choose this type of motors for the
Tesla S model [6]. Additionally, these motors offer an
extended speed range through flux weakening in the constant
power zone, as well as absence of commutation and the
ability to recover energy during the braking phase [9, 10].

However, controlling this type of motor is also
challenging, as it requires precise balancing of slip
percentages and load quantity to ensure efficient operation
at all times [6]. Additionally, while losses increase at high
speeds, its efficiency decreases at both low and high speeds
[8]. Furthermore, if the critical synchronous speed is
reached, the motor may fail [11, 12]. In the context of
selecting more suitable motor for an electric car to ensure
continuous service, it appears that induction motors are
not the optimal choice for this scenario.

Dual Star Induction Motor (DSIM). The
robustness and low maintenance of the DSIM allow for
the gradual replacement of the induction motor in
industrial applications, even in high power scenarios such
as railway traction, marine propulsion [13—15]. This type
of motor consists of two windings with phases shifted by
30 electric degrees from each other, powered by a 6-phase
inverter or 2 inverters of 3 phases [16].

Among its advantages, one can also note a higher
torque density compared to traditional induction motors.
Additionally, the DSIM reduces harmonic content and
exhibits high reliability, allowing it to operate even in the
presence of faults on one or more phases of the motor [17,
18]. It also offers power segmentation, minimizing torque
ripple and rotor losses while reducing harmonic currents
[19]. However, controlling the DSIM is considered
complex, especially regarding achieving torque and flux
decoupling [16, 17]. Despite this drawback, this type of
motor is capable of operating under degraded conditions
[20, 21]. In comparison between BLDC, induction motor
and DSIM the last one stands out as the most suitable
option for EVs in most scenarios and, particularly in
ensuring service continuity.

Control methods. There are numerous control
techniques classified into 2 categories: classic techniques
and advanced techniques.

Starting with classical ones, the indirect and direct
(IFOC and FOC) was proposed for the first time by K.
Hasse in 1968 and Werner Leonard in 1971 [22], as a
replacement for classic correctors. Many researches have
focused on these 2 techniques [23-27], applying them to
different types of machines, and according to the results
obtained: FOC and IFOC control allow for control over
the machine’s flux and torque. They have a better effect
on suppressing high-order harmonics, reference tracking
with a good response time, and high precision in steady
state. However, they are sensitive to parametric variations,
and the transformation of variables is based on an
estimator, making it sensitive [28]. For the several
mentioned disadvantages, many researchers were proposed
such as SMC, MRAC and optimal control with LQR to
enhance FOC and mitigate high sensitivity to parameters
variations, and ensure fault tolerant control [29].

SMC is intended for systems with variable
structures because it is robust to parameter changes or
parameter uncertainty and total suppression of external
disturbances [30-32]. It provides also good reference
tracking with fast response time [33]. On one hand, high-
frequency switching causes chattering phenomenon which
significantly affects the overall system performance.
Additionally, it suffers from overshoot peaks and high
stabilization times. Finally, it does not guarantee good
performance in the presence of disturbances such as
sudden changes in reference speed [30, 34].

MRAC is used to control systems with variable
structures or unknown parameters [35, 36]. Many
research has been conducted on MRAC and applied to
various types of motors [37—40]. According to simulation
results, MRAC is robust against parameter uncertainties
such as stator and rotor resistance (R,, R,) and moment of
inertia (J) [41], as well as parameter changes [42], and
presents a good reference tracking and precision [37, 38,
40]. However, it suffers from high overshoot [42, 43],
complexity and heavy computational time of the
algorithms [41]. Real-time parameter updates lead to
oscillations in the response and influence the desired
dynamic response [43].

Optimal control. Thanks to its robustness, the LQR
control has been widely used in the industry, especially
from the 2000s to the present day [44]. It is based on
maximizing or minimizing a performance criterion
(depending on how the Hamiltonian is defined) [37].
Studies have already been conducted on the LQR control
[38, 39, 44], where simulation results have shown that
this technique offers high performance by eliminating the
gap in the state trajectory. It also allows for tracking the
reference with zero steady-state error in a settling time of
less than one second, and with minimal effort [39].
Carried out robustness testing against parameter
uncertainties and external disturbances, where the LQR
control showed very satisfactory performance, with
tolerance ranging from 30 % to 90 % uncertainty and
complete rejection of external disturbances.

However, the only inevitable issue when designing an
LQR controller for different dynamics lays in the systematic
determination of the parameters of the performance matrices
O and R [44]. Therefore, it can be said that optimal control
is a promising choice to control an EV.
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This contribution not only focuses on ensuring high
performance of the EV, but also on service continuity by
combining the advantages of the DSIM and LQR. By
leveraging the strengths of both LQR and the DSIM, such
as precise speed tracking, minimal overshoot and high
precision offered by LQR, along with the capability of
working with DSIM even under phase faults, this
approach ensures a seamless operation of the EV system,
maintaining superior performance and robustness in
various operating conditions.

Given the comparison above, the DSIM will be
controlled by a LQR, which will replace the traditional PI
controller in the FOC system for speed regulation.

Modeling of the DSIM. The stator consists of two
pairs of windings shifted by 30°, and a short-circuited
rotor as a classical
induction motor. The
spatial representation of
the windings of the DSIM
is illustrated on the Fig. 2,
where L,, L, are the rotor
and stator inductances, R,,
R, are the rotor and stator
resistances.

The dynamic of the DSIM
in the d-q reference can be
divided into three categories of equations.

1) Electric equations:

Vias1 = Rotigg + APy [dt — 0Dy

Fig. 2. Spatial representation
of the DSIM windings

Vis2 = Ryolgsn + d®ds2/dt - ws¢qs2;

Vqsl = Rsliqsl + dcpqsl/dt + 0Dy

: (1
Vqs2 = Rs2lq32 + d®qs2/dt + 0, Dys2;
0=Ryig, +d @y, [dt - (0, - o, o
0= Ryiy, +d@,, [di +(0; - 0, )Py,

where Vi, Vi, Vao, Vi are respectively the stator
voltages in the d-g axis; R, R, are the stator resistances;
Ly, Ly, are the stator inductances; iz, g1, las2, igs2 are the
components of the stator currents in the d-q axis; iy, i,
are the rotor currents in the d-g axis; @y, Pys1, Pusr, Dys2
are the components of the stator flux in the d-q axis; @,
@, are the rotor fluxes in the d-g axis; R, is the rotor
resistance; @, @, are the stator and rotor angular speeds.
2) Magnetic equations:

D51 = Lgiigs + Ly, (idsl +igg +igr );
D> = Lyigss + Loy liast +lasa +iay
Q)qsl = L.vliqsl + Lm iqsl + iqs2 + iqr

2

cDqu = Ls2iq32 + Lm (iqsl + iqu + iqr

Dy =L,ig. + Ly, (idsl +igso +igy );
Dy = Lyig + Lip\igs1 +igsn + igr

where L, is the rotor inductance; L, is the mutual
inductance.
3) Mechanical equations.
The electromagnetic torque is given as:
C

em = p(cpdsliqsl - (Dqslidsl + cDds2iq52 - CDquidSZ)o (3)
where p is the number of pole pairs.

The rotation dynamic is given as:
do 1
?zj(cem_cr_Fr"Q)s “
where (2 is the rotor angular speed; J is the moment of
inertia; C, is the load torque; F, is the friction coefficient.
Modeling of the three levels neutral point
clamped (NPC) inverter. Figure 3 illustrates a three-
level inverter. A multi-level inverter typically contains
(n—1) capacitors in the DC link, (n—1)(n-2) clamping
diodes, and 2(n—1) switches. Therefore, a three-level
inverter requires 2 balancing capacitors, 2 clamping
diodes, and 4 switches multiplied by 3 (number of
phases). This gives us a total of 6 diodes and 12 switches.
Table 1 summarizes the possible switching sequences.

Sat#s  Sb1-fs Sc1-4%
Lo 7 Sa2 k% ZE Sb2 % Sc2-1i%
A
)
EC
D Z%Saaﬁ}& Z‘XSb3H} TSC%EK
lc2
Sa4ﬁ}’]} Sb4 Hﬁ} 80445}

Fig. 3. Three phases three levels NPC inverter

Table 1
Possible sequences of three levels NPC inverter
K, Ky K Ky Vao
1 1 0 0 E2
0 1 1 0 0
0 0 1 1 —-E2

Optimal control by LQR. In this section, instead of
using PI regulator, the LQR will be used as a speed
regulator to ensure service continuity and robustness
against parameters variations. To accomplish this, several
steps will be taken, beginning with the general state space
representation of the DSIM:

ot
[(e)]=[C)-x(0))+ [D] [u(e)]

where [x(f)] is the state variable matrix, xeR"; [4] is the
state parameters matrix, 4eR""; [B] is the control matrix,
BeR™™; [u(f)] is the control vector, ueR™; [C] is the

observation matrix; [D] is the direct action matrix; [y(f)]
is the output matrix. While:

[x([)]:[¢d51 cDdsZ (Dqsl dquZ cDdr djqr

[u(t)] = [Vdsl Vasa Vqsl Vqu 0 O]T-
The optimality criterion can be expressed as:

j(u(t))zf;o[xT~Q~x+uT~R~u]dt. (6)
In the case there are constraints, to obtain the
optimal feedback coefficient, we must solve the following
Ricatti matrix equation:
AT .p+P-A-P-B-R"-BT-P+0=0. (7)
The introduction of the minimization criterion in
Ricatti equation make it as follows:
AT p+P-4-P-B-R BT .P+CcT.0.C=0. (8)
While:
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where:

o = Ler + Lm'le + Lr'le;
(250 Lm 'Lr + Lm 'Ls2 + Lr'LSZ;
¥= Ly L + LyL +2-LyeLy-Ly;
0=2-LyL,+L,L;+L,-Lg
LS = le = LSZ;
where L, is the magnetizing inductance.
The optimal gain can be expressed as:
K, =-R"B"-P. 9)
New optimal gain will be calculated starting from
Kop which will equal the sum of elements of K,

Klopt :ZKopt : (10)
The control law equal:
Uopt :_Klopt [X] (1)

As K, is defined, also U, will also be defined in

the same way:
Ulopt = zUopt : (12)
The optimal controller will be used in the control loop
as shown in Fig. 4, the global control scheme — in Fig. 5.

-

)

Fig. 4. Optimal control loop
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Fig. 5. LQR global regulation loop with FOC
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Simulation results. The simulation investigates into
the evaluation of the LQR implemented on a control
system of the DSIM. It includes 3 distinct tests.

Test 1. The precision in tracking reference speed,
settling time, and overshoot are examined to gauge the
regulator’s performance under different conditions.

Test 2. The regulator’s resilience against parameter
variations such as stator resistance, rotor resistance and
inertia under load torque conditions is tested, aiming to
ensure stable operation amidst the fluctuations that are
encountered in the real world.

Test 3. The simulation examines the regulator and
the DSIM robustness against phase disturbances for
enhancing its reliability in practical scenarios.

Through these meticulous assessments, valuable
insights are gained into the effectiveness and durability of
the LQR regulator in controlling the DSIM system across
diverse operating conditions in objective to ensure service
continuity and high performance against parameters
variations and external disturbances.

The parameters of the DSIM used in this study are
defined in Table 2.

Table 2
Parameters of the DSIM
Parameter Value Parameter Value
R, Q 3.72 L.H 0.006
R, Q 2.12 L, H 0.4092
L,H 0.022 J, kg-m® 0.0625
p 1 F, 0.001

Test 1. Speed tracking and disturbance rejection.
The motor is initiated with a reference speed @,,r= 200 rad/s
(Fig. 6). The response shows a settling time of 0.25 s, without
overshoot and a precision level of 99 %. At the moment of
0.5 s, the speed reference is transitioned to 300 rad/s.
Clearly, the system demonstrates the same stabilizing
time of 0.25 s, coupled with an absence of overshoot
(0 %) with a precision level of 99 %. These results
underscore the LQR regulator’s particular ability to
quickly and accurately track reference speed changes.

350 @, rad/s @, Oref
300
250 - wref /
200
150 1
100 -
50
0
t,s
250 . ; | |
0 0.2 04 0.6 0.8 1

Fig. 6. Performance evaluation of LQR regulator in tracking

The current curves are observed to be non-ideal
sinusoidal waveform and shifted by 120° (Fig. 7, 8). The
currents of the second stator are shifted by 30° from the first
stator. During the first 0.25 s, the currents undergo a transient
phase before stabilizing at a peak value of 29 A. Then, at
t = 0.5 s, the reference speed undergoes a sudden transition,
reaching 300 rad/s. This change in speed results in a change
in power, according to the relationship P = C,, Q2
Consequently, the currents also evolve, reaching a lower
peak value of 20 A in response to the change in speed.
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Fig. 7. Stator 1 currents
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Fig. 8. Stator 2 currents

Figure 9 illustrates the response of the DSIM
controlled by an LQR regulator. Initially, the system starts
unloaded with a reference speed set to 150 rad/s. The
DSIM reaches this target speed rapidly, within 0.2 s,
achieving a precision of 99 %, with a resulting speed of
151.5 rad/s. At ¢t = 0.5 s, a resistant torque of 10 N-m is
applied, causing the speed to decrease to 148.8 rad/s.
When the load torque is removed at ¢ = 1 s, the speed
recovers to 151.5 rad/s. Despite these disturbances, the
DSIM demonstrates robust performance, maintaining a
response precision of 99 %.

180

, rad/s i ‘ Ory ,

160 [ 1 q
140} \—¢1

120 - 152
100 | 0 et

80

60 - 148

04 0.6 0.8 1
40 1
20 1
is

0

0 05 1 15
Fig. 9. Speed response of DSIM under load torque

Figure 10 shows that depicts the system’s response
when load torque is introduced at 0.5 s. DSIM promptly
generates an electromagnetic torque equal to load torque.
At t = 1 s, when the load torque is removed, the
electromagnetic torque returns to 0. The system
demonstrates a stabilization time of 0.1 s in both scenarios.
Notably, small ripples of approximately +8 N-m are
observed around the generated torque, indicating minor
fluctuations. This response highlights the DSIM’s ability to
swiftly adapt to load torque changes while maintaining
overall stability within a tight time frame.

250 CN T T
» NI Con —C,
200
150§
C
100 o
50
(| LA PP TR ittt
0 C,
ts
=50 . '
0.5 1 1.5

Fig. 10. DSIM torque response to load torque introduction

Test 2. Parameter variations evaluation. The
simulation (Fig. 11-13) shows the response of the DSIM
controlled with LQR regulator under parameters variations
such as J, R, and R,. Initially, the motor operates with
parameters R, =3.72 Q, R, =2.12 Q and J = 0.0625 kg-mz.
When these parameters are multiplied by 1.5 at instant
t=0.5 s, the new values become R, = 5.58 QQ, R, =3.18 Q
and J = 0.09375 kg-mz. Then, at t =1 s, the parameters are
doubled, resulting in R, = 744 Q, R, = 424 Q and
J = 0.125 kg-m”. Despite these substantial variations, the
motor maintains stable performance in all scenarios. This
constancy demonstrates the robustness of LQR controller
against parametric changes, highlighting its ability to
effectively regulate the system and minimize deviations
from the set point, regardless of the conditions, thus
ensuring precise and stable control of the system in
changing conditions.

250

o, rad/s :
— —ay
200 Y
204 —— @
2
150 - 202 @
200 i
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100 - 204 o
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D
50 200 ref
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0 L ‘
0 0.5 1 1.5

Fig. 11. Motor response under moment of inertia variations
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Fig. 12. Motor response under stator resistance variations
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Fig. 13. Motor response under rotor resistance variations

Test 3. Phase fault evaluation. In the final test phase,
the motor will start with a load torque 10 N-m, followed by
the introduction of a phase fault at 1.5 s (V, = 0), which
represents challenging conditions, with a speed reference
of 300 rad/s (Fig. 14). Despite the phase fault and the load
torque, one can see that the DSIM continues operating
with a speed value equal to 299 rad/s, ensuring service
continuity. Additionally, small ripples of approximately
+1 rad/s around the reference speed are observed,
highlighting the system’s ability to maintain stability even
under challenging and degraded conditions. The current in
the faulty phase (phase A) is shown in Fig. 15. Ideally, the
current in phase A should be 0, but due to interactions of
magnetic fluxes, a current is induced in phase A. This
phenomenon can be explained by mutual inductance,
where the changing magnetic field produced by currents

in other phases induces a current in the faulty phase.
350

w, rad/s Wref ,
300 :
250
200
150 308
306
304 W,
100 3021 @,
300 —4
298
50
14 15 16 17 18 19 2
t,s

0

F1g 14 Speed under load torque and phase fault
T, A

230 . . |
0 0.5 1 15
Fig. 15. Fault phase current 7,
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Conclusions. The evaluation of the Linear Quadratic
Regulator (LQR) applied to the dual star induction motor
system (DSIM) through a series of rigorous tests has yielded
promising results. In the precision test, the LQR regulator
showcased high accuracy in tracking reference speed changes
with zero overshoot and swift stabilization times, ensuring
precise control. Furthermore, the robustness test against
parameter variations demonstrated the regulator’s resilience,

maintaining stable motor performance even with doubled
stator and rotor resistances and inertia. Additionally, the
introduction of load torque displayed the system’s ability to
swiftly adapt while sustaining stable performance. Moreover,
in the face of a phase fault and load torque at the same time,
the DSIM maintained almost the same speed, with minor
fluctuations around the reference speed, ensuring service
continuity and stability. These results affirm the effectiveness
and reliability of the LQR regulator and the DSIM in
facilitating precise control and stability applications, without
the need for simplifying assumptions, thereby contributing to
the advancement of electric vehicle technology.

For further developments to enhance this technique,
adaptive control algorithms such as fuzzy logic or neural
networks can be used to improve precision and settling
time by changing current classical PI regulators by one of
the adaptive algorithms.
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