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Introduction. In this paper, the use of a Linear Quadratic Regulator (LQR) 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 
LQR, 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 LQR 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 LQR technique enhance the overall efficiency and stability of the DSIM, making it a highly viable solution 
for 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. 
Key words: dual star induction motor, linear quadratic regulator, neutral point clamped, electric vehicle, field-oriented control. 
 

Вступ. У цій статті досліджується використання лінійного квадратичного регулятора (LQR) для керування асинхронним 
двигуном із подвійною зіркою (DSIM), що живиться від подвійних трирівневих інверторів із закріпленням нейтральної точки в 
силових системах електромобілів. Призначення. Забезпечення як високої продуктивності щодо чутливості до параметрів, так і 
безперервності роботи в разі несправностей є складним завданням для силових систем електромобілів. Метою є максимізація як 
продуктивності системи, так і безперервності обслуговування за допомогою оптимальної конструкції контролера. Методи. 
DSIM керується LQR, який замінює традиційний PI-контролер у системі орієнтованого на поле керування (FOC) для регулювання 
швидкості. Починаючи з FOC, оптимальний регулятор розробляється шляхом введення критерію мінімізації в рівняння Рікатті. 
Потім закон керування LQR використовується як регулятор швидкості для забезпечення точного регулювання та оптимізації 
роботи DSIM за різних умов навантаження та швидкості. Уникнення лінеаризації DSIM полегшує використання його справжньої 
нелінійної динаміки. Новизна. Для оцінки продуктивності системи проводяться три тести. Випробування на точність шляхом 
зміни еталонної швидкості та аналізу відповіді на швидкість, часу встановлення, точності та перерегулювання, випробування на 
стійкість щодо варіацій параметрів, оцінювання стійкості системи щодо змін опору статора та ротора та моменту інерції, а 
також тест на стійкість до несправностей, що оцінює стійкість системи проти несправностей, таких як замикання фаз, 
зберігаючи момент навантаження. Результати показують, що цей підхід може підтримувати безперебійну роботу двигуна 
навіть за коливань параметрів або погіршених умов. Точність і адаптивність техніки LQR підвищують загальну ефективність і 
стабільність DSIM, що робить його дуже життєздатним рішенням для сучасних електромобілів. Ця надійна робота проти 
коливань параметрів і навантажень є важливою для забезпечення надійності та довговічності силових систем електромобілів. 
Практична цінність. Цей підхід має значний потенціал для вдосконалення технології електромобілів з точки зору покращеної 
продуктивності і надійності у реальних прикладах. Бібл. 44, табл. 2, рис. 15. 
Ключові слова: асинхронний двигун з подвійною зіркою, лінійно-квадратичний регулятор, зафіксована нейтральна 
точка, електромобіль, керування з орієнтацією за полем. 
 

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

 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; 

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

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

 the embedded control system, that control the inverter 
state and hence the direction and the speed of the vehicle. 
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Fig. 1. Powertrain of EV 

 

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 (Rs, Rr) 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 
Q 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 Lr, Ls are the rotor 
and stator inductances, Rr, 
Rs 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: 
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          (1) 

where Vds1, Vqs1, Vds2, Vqs2 are respectively the stator 
voltages in the d-q axis; Rs1, Rs2 are the stator resistances; 
Ls1, Ls2 are the stator inductances; ids1, iqs1, ids2, iqs2 are the 
components of the stator currents in the d-q axis; idr, iqr 
are the rotor currents in the d-q axis; ds1, qs1, ds2, qs2 
are the components of the stator flux in the d-q axis; dr, 
qr are the rotor fluxes in the d-q axis; Rr is the rotor 
resistance; s, r are the stator and rotor angular speeds. 

2) Magnetic equations: 
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where Lr is the rotor inductance; Lm is the mutual 
inductance. 

3) Mechanical equations. 
The electromagnetic torque is given as: 

 22221111 dsqsqsdsdsqsqsdsem iiiipC   ,   (3) 

where p is the number of pole pairs. 

The rotation dynamic is given as: 

 
 rrem FCC

Jt

1

d

d
,                 (4) 

where  is the rotor angular speed; J is the moment of 
inertia; Cr is the load torque; Fr 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. 
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Fig. 3. Three phases three levels NPC inverter 

 

Table 1 
Possible sequences of three levels NPC inverter 

K1 K2 K3 K4 Va0 
1 1 0 0 E/2 
0 1 1 0 0 
0 0 1 1 –E/2 

 

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: 

            
            







,

;

tuDtxCty

tuBtxAtx
                 (5) 

where [x(t)] is the state variable matrix, xn; [A] is the 
state parameters matrix, Ann; [B] is the control matrix, 
Bnm; [u(t)] is the control vector, um; [C] is the 
observation matrix; [D] is the direct action matrix; [y(t)] 
is the output matrix. While: 
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The optimality criterion can be expressed as: 

     tuRuxQxtuj TT d
0


 .           (6) 

In the case there are constraints, to obtain the 
optimal feedback coefficient, we must solve the following 
Ricatti matrix equation: 

01   QPBRBPAPPA TT .      (7) 

The introduction of the minimization criterion in 
Ricatti equation make it as follows: 

01   CQCPBRBPAPPA TTT .   (8) 

While: 

 

Fig. 2. Spatial representation 
of the DSIM windings 
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where: 
1 = LmLr + LmLs1 + LrLs1; 
2 = LmLr + LmLs2 + LrLs2; 

 = LmLs
2 + LrLs

2 + 2LmLrLs; 
 = 2LmLr + LmLs + LrLs; 

Ls = Ls1 = Ls2, 
where Lm is the magnetizing inductance. 

The optimal gain can be expressed as: 
Kopt = –R–1BTP.                             (9) 

New optimal gain will be calculated starting from 
Kopt which will equal the sum of elements of Kopt  

 optopt KK1 .                         (10) 

The control law equal: 
 XKU optopt  1 .                          (11) 

As K1opt is defined, also U1opt will also be defined in 
the same way: 

 optopt UU1 .                         (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 

 

 
Fig. 5. LQR global regulation loop with FOC 

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 
Rs,  3.72 Lr, H 0.006 
Rr,  2.12 Lm, H 0.4092 
Ls, H 0.022 J, kgm2 0.0625 

p 1 Fr 0.001 
 

Test 1. Speed tracking and disturbance rejection. 
The motor is initiated with a reference speed ref = 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. 

 

 , rad/s 

t, s

refr 

r ref 

 
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 = Cem. 
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 Nm is 
applied, causing the speed to decrease to 148.8 rad/s. 
When the load torque is removed at t = 1 s, the speed 
recovers to 151.5 rad/s. Despite these disturbances, the 
DSIM demonstrates robust performance, maintaining a 
response precision of 99 %. 
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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 Nm 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. 
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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, Rs and Rr. Initially, the motor operates with 
parameters Rs = 3.72 , Rr = 2.12  and J = 0.0625 kgm2. 
When these parameters are multiplied by 1.5 at instant 
t = 0.5 s, the new values become Rs = 5.58 , Rr = 3.18  
and J = 0.09375 kgm2. Then, at t = 1 s, the parameters are 
doubled, resulting in Rs = 7.44 , Rr = 4.24  and 
J = 0.125 kgm2. 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. 
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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 Nm, followed by 
the introduction of a phase fault at 1.5 s (Va = 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.  
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Fig. 14. Speed under load torque and phase fault 
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Fig. 15. Fault phase current Isa1 

 

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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