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Abstract: In the context of electric vehicle propulsion drives, this paper presents anActive disturbances
Rejection Control (ADRC) strategyapplied to a Dual Star Induction Motor (DSIM)powered by dual 3 levels
inverter type NPC. The proposed method focuses on enhancing the Active Disturbance Rejection Control
(ADRC) method by integrating Least Squares Estimation, establishing a direct relationship between the
control law and the necessary frequency for the DSIM to turn in the exact speed whatever the load torque
applied. The ADRC with Least Squares Estimation is compared with Field-Oriented Control (FOC) to evaluate
their performance in tracking reference speed and stabilizing time. Additionally, another test is conducted to
assess the ADRC's ability to reject disturbances. Results from the simulation demonstrate the effectiveness of
ADRC with Least Squares Estimation, showcasing its potential for optimizing DSIM control in electric vehicle
applications, thereby contributing to enhanced efficiency and stability.

Keywords: DSIM (Dual Star Induction Motor); FOC (Field Oriented Control); ADRC (Active disturbances
Rejection Control); NPC (Neutral Point Clamped); LSE (Least Squares Estimation); EV (Electrical Vehicle).

in the traction chain, benefiting from its wide
speed range. In a different approach, [6]
employed a DC motor, a technology that
traces its roots back to 1881 [7], Renowned
for its high level of usability and extended
operational lifespan. [2,8].

1. INTRODUCTION

In the realm of electric vehicle propulsion
systems, there exists a diverse selection of
motor topologies. These ones encompass
DC motors, Asynchronous motors Brushless
DC motors, Permanent magnet motors,

Induction motors, and Switched reluctance Another  noteworthy motor  type, the

Synchronous Reluctance Permanent Magnet

motors [1,2]. To meet the demands of an
efficient electric vehicle propulsion system,
as outlined in references [3,4], several
essential criteria must be met:

. The system must deliver high torque
at low speeds for smooth starting and offer
high power at higher speeds.

. It should include a broad speed
range, including regions of constant torque
and constant power.

. The system must maintain high
efficiency across a wide range of speeds and
torque levels.

. It should demonstrate high reliability
and robustness under various vehicle
operating conditions.

. Finally, it must be cost-effective to
ensure its practicality and affordability in the
market.

Numerous research studies have been
conducted in this sector, exploring various
motor types for electric vehicle (EV)
propulsion. For instance, [5] utilized a DFIM

Machine, was the focus of [9]'s investigation.
This machine combines elements of a
synchronous reluctance machine (SynRM)
with a permanent magnet synchronous
machine (PMSM), offering superior
performance  compared to traditional
induction motors and synchronous reluctance
motors (IM and SRM). SRPM machines,
exemplified by the Tesla Model 3, exhibit
lower losses, high efficiency, and a high-
power factor.

Similarly, [10] conducted research on
asynchronous motors, a commonly adopted
motor type in EVs. These motors are favored
for their uncomplicated design and robust
construction [11,12,13], resulting in reliable
and highly efficient operation [11,14], even
achieving up to 90% efficiency in adverse
conditions [15]. Moreover, their simple control
systems enable seamless startups, all while
maintaining cost-effectiveness  with  low
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production and maintenance expenses
[11,13,14].

Industry attention is now delving into the
intricacies of the multi-phase motor with
specific attention to the Dual Star
Asynchronous Motor (DSIM), a robust
candidate primed to propel advancements in
EV applications. It's characterized by two
windings shifted by 30 electrical degrees,
powered by a 6-phase inverter or 2 3-phase
inverters. DSIMs are chosen for several
compelling reasons. They exhibit significantly
higher torque density compared to traditional
induction motors, have the capacity to reduce
harmonic content, and display exceptional
reliability, even in the presence of phase
faults [16,17,18]. Additionally, they offer
power segmentation, effectively minimizing
torque ripple, rotor losses, and mitigating
harmonic  current  issues [19,20,21].
Renowned for their robustness and low
maintenance requirements [20,21,22], DSIMs
emerge as a prime candidate for the gradual
replacement of induction motors, even in
high-power industrial applications [16,23,24].
Another research made by [25] on five phase
induction motor. These types of motors
provide a high torque density, low torque
ripple and flexible control, which make them
another suitable case for propelling EVs.

To control such types of motors, there are
numerous control techniques, including:

1.1. Field oriented Control (direct and
indirect)

FOC
This technique is based on simplifying
assumptions and mathematical transforms to
make the asynchronous and synchronous
motors similar to the direct current machine
[26,27].these two methods allow control over
the flow and torque of the machine, they
have a better effect on the suppression of
high order harmonics, setpoint monitoring
with a respectable response time with great
precision in the permanent regime [37,28,29],
However it is fragile with respect to
parametric variations [28,30], in addition the
transformation of the quantities is based on
an estimator which makes it very expensive.
[31].

1.2. ACTIVE DISTURBANCES
REJECTION CONTROL

ADRC

Active Disturbance Rejection Control is one of
the most common nonlinear methods [32] for
mitigating the effects of disturbances [33] and
addressing control challenges in real-world
applications [34].

The primary operating principle of the ADRC
technique involves real-time compensation of
the closed-loop system input with the
estimated disturbance value. This
transformation simplifies a relatively complex
control system into a more straightforward
one while allowing the closed-loop control
system to achieve high performance [35,36].
Numerous studies have investigated this
approach [35,37], vyielding results that
highlight  several advantages. These
advantages encompass beyond those
mentioned above, effective disturbance
rejection, precise reference tracking, swift
stabilization times, independence from the
requirement for a precise system model, real-
time monitoring of both internal and external
disturbances, as well as parameter
uncertainties, thereby contributing to a high
level of robustness.

This research focuses on the application of
the DSIM within the context of electric
vehicles. Specifically, the power of a dual
inverter setup, recognized as the Neutral-
Point-Clamped (NPC) configuration, s
harnessed. For the purpose of ensuring
precise control and maximizing the
performance of the electric vehicle, an ADRC
algorithm is implemented to command both
inverters. Additionally, the integration of the
least squares method (LSE) is carried out to

INVERTER | it DSIM

INVERTER 2

Fig.1. Block diagram of LSE-ADRC system for
DSIM motor.

accurately determine the required frequencies
for optimal operation of these inverters within
the electric vehicle system as shown in Fig. 1.

2. MODELING OF THE DUAL STAR
INDUCTION MOTOR (DSIM)
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The spatial representation of windings of the
dual star induction motor (DSIM) is illustrated
on the Fig.2
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Fig.2. Schematic representation of the dual star
induction motor

The dynamic of the DSIM in the reference dq
can be divided into three categories [38]:

2.1. Electrical equations

Vas1 = Rsilgs1 + %Q)dsl - ws(z)qsl
Vdsz = Rszidsz + %stz - (‘)squz
Vqsl = Rsliqsl + %Q)qsl + ws(z)dsl
Vqsz = Rsziqsz + %quz + wsBas>

. da
0 =Ryig + Eajdr - (ws_wr)wqr

. da
0= erqr + qur + (ws_wr)(bdr
(1)

2.2. Magnetic equations

stl = leidsl + Lm(idsl + idsz + idr)
Q)dsz = Lszidsz + Lm(idsl + idsz + idr)
®q51 = leiqsl + Lm(iqsl + iqu + iqr)
Qqsz = Lsziqsz + Lm(iqsl + iqu + iqr)
Dar = Lyigy + Lm(idsl + igsz + lar)
Bgr = Lyigr + Linigs1 + igsz + igr)

()

2.3. Mechanical equations

The electromagnetic torque can be
expressed by the following form:

Cem = p(q)dsliqsl - Qqslidsl +

®d52 iqsz - oqsz idsz) (3)
The rotation dynamic is given as follows:

a1

dar ;(Cem - Cr - Fr) (4)

3. Field Oriented Control (FOC)

Parameter | Value Parameter Value
R, 3.72 L, 0.006
R, 2.12 L, 0.4092
L 0.022 j 0.0625
P 1 F 0.001

Table 1. parameters of the DSIM

In order to decouple the control of the
electromagnetic torque of the DSIM from the
rotor flux, we align the rotor flux along the
direct axis of Park's reference:

Bar = Dy

lor 0 (5)

The electrical equations will be:
. d
Vas1 = Rs1lgsr + Ewdsl - ws®qsl

Vasz = Rsalasz + %(Ddsz — ws@ys2
Vis1 = Rs1lgsr + %Q)qsl + wsBys1 (6)
Vas2 = Rsplgsy + %Q)qsz + WsDys2
0=Ryig +0,
0 = Ryigr + (ws—w;) 0,

The flux equations will be:
Das1 = Lsilass + Lin(ias1 + lasz + iar)
Das2 = Lezlasy + Lm(idsl + igs2 + lar)
Qqsl = leiqsl + Lm(iqsl + iqsz + iqr)
oqsz = Lsziqsz + Lm(iqsl + iqsz + iqr)
L Dy = Lyigr + Lm(idsl + igs2 + lar)
Q)qr = Lyigr + Lipigsr +igs2 + igr)=0

(7)

The electromagnetic torque:

Com = p% (Q)r(iqsl + iqsz)) (8)
4. ACTIVE DISTURBANCES REJECTION
CONTROL

ADRC

Typically, the ADRC comprises three
components: tracking differentiator (TD),
extended state observer (ESO), and
nonlinear state error feedback control law
(NLSEF). Fig.3 illustrates the system
schematic diagram of the classical ADRC.
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2

Fig.3. Diagram of Active disturbances rejection
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Fig.4. Speed response of DSIM with a 0.5 input in
an open-loop configuration

For a more accurate representation of
system  dynamics, better disturbance
estimation, and

the design of a control strategy that optimizes
performance, stability, and robustness,
selecting the appropriate model order is
necessary, and for that the plant model is
simulated in the open-loop configuration.
Saturation limits of the duty cycle, ranging
from O to 1, are assumed, and a step input.
The result is shown in figure 4. As can be
seen, a typical shape for a second-order
dynamic system is exhibited in the speed
response.

The controlled object in the system will be set
to:

y=f (@) +byu (9)
28y 2(y(end) - y(0)
=2tz T (t(end) — £(0))?

2 X 0.426986
= (0.005 x 10-3)2 3.415888 x 101°

b —a—2><
o=y a

The state space model is as follow:

0
x =Ax + Bu+ f?t)l (10)

y =Cx

010
While A=IO 0 1), B =

0

bol, C=
0

[1 0 of

The ESO model can be expressed as

follow:

z;(k + 1) = z,(k) + T(z,(k) + byu + Ce;)

e=2z —Ww,
[ zy(k + 1) = z,(k) + Tz, (k)

(11)

z, is the observed value of w, , z, is the
disturbance observed quantity of w,. and e, is
the error between the observed value and the
real value, u is the output value of ESO.
While T is the discrete time constant, b, is
the critical gain and C is constants.

The command law generated is:

U = (Wref - Zl)Wc2 — 2wz,

u =@y, (02

While z;=£(t)

The non-linear state error feedback is A
modified PD controller (without the derivative
part for the reference value r(t)), so the
equation of u, will be:

Uy = (Wrep — 21)K, — Kpz, (13)

Ky=w.*; Kp=2w,.

5. APPLICATION ON THE DSIM

The generated ADRC law is subjected to a
vector modelling process. This modelling
process transforms the ADRC law into six
distinct voltage references. These voltage
references correspond to specific control
parameters and serve as the inputs for our
two 3-level Neutral-Point-Clamped (NPC)
inverters as shows in fig. 5.

INVERTER 1 DSIM

INVERTER 2

Fig.5.Application of ADRC on DSIM powered by
two inverters

The following equations describe the vector
modelling of the ADRC law:
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Vi = u(t).sin(2.7.f.t)
Vo =u(t).sin(2.m.f.t — Z?H)
21
Vs =u(t).sin(2.w.f.t + ?)
V, = u(t).sin(2.m. f. t + %)

Vs = u(t).sin(2.m. f.t — g)

) 5
Ve = u(t).sin(2.m. f. t + ?)

— normalization
Vin = V1/(max|Vy])
Von = Vo /(max|V;|)
Van = V3/(max|Vs])
Vin = Va/(max|V,])
Vsn = Vs/(max|Vs|)
Ven = Ve/(max|Vs|)

In the first phase of the application, a tracking
test is conducted to evaluate the precision
and stabilizing time of the ADRC. This test
aims to assess how accurately the ADRC law
tracks the desired trajectory and the time it
takes to stabilize. In the second phase, a
disturbance rejection test is performed by
introducing resistive disturbances. This test is
designed to evaluate the ADRC's ability to
reject these disturbances, demonstrating its
robustness and effectiveness in maintaining
system stability and performance in the
presence of external perturbations.

(14)

Wr (Rad/s)

7
=)

0 0.5 1.5

Tinlm (s)
Fig.6. Speed Tracking of DSIM controlled by
ADRC

In Figure 6, the Dual-Star Induction Motor
demonstrates that employing the ADRC
enables precise tracking of diverse speed
references.
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Fig.7. Speed of DSIM controlled by ADRC with
20N.m load

In Figure 7, the commencement of the Dual-
Star Induction Motor (DSIM) and the
subsequent application of a load equal
20N.m t=0.5 seconds are presented. The
data clearly demonstrates that the ADRC
implementation falls short in maintaining the
targeted reference speed and effectively
mitigating the introduced load disturbance.

The solution of this problem is presented in
the next section when the least squares
estimation method is introduced.

6. LEAST ESTIMATION
METHOD

SQUARES

LSE

The least squares method, initially introduced
by Legendre in 1805 [39], stands as one of
the most widely embraced estimation
techniques, finding extensive application
across a range of domains, including machine
learning, system identification, and adaptive
control, among others [40].

In this section, non-linear Least Squares
Approach is used to derive a mathematical
function that establishes a relationship among
key parameters, including resistant torque,
the control law generated by the Active
Disturbance Rejection Control (ADRC)
system, the reference frequency, and the
requisite frequency for the two inverters. The
primary objective is to achieve precise
tracking of the reference speed while
minimizing the impact of resisting torque in
the shortest possible time.

The relationship between these variables
identified as:

f(x) = apx* + azx® + ax* + a;x +a,  (15)
While: x =<5 £(x) = f, = fm

The operation commences by imposing a
resistant torque vector upon DSIM, and at

Vol. 9, Issue 2, June-2024| ISSN: 2543-3792- EISSN:2676-1548 102



ALGERIAN JOURNAL OF SIGNALS AND SYSTEMS (AJSS)

each time step, we record both the generated
control law and the measured frequency. 350+ [ W Woappe —W

ref ADRC F()("‘

The conversion of speed to frequency is 300

achieved through the utilization of the . [ Z—
following formula: f(Hz)=(speed(rad/s))/21r. > 2307 ‘%*
The inverter frequency will be

fu=fr + f(x) (16)

Speed (Rad/s)
@ 8
(=] (=]

The least squares estimation method formula ' /
is: sop
H=( )7 ]t = y(17) 0 . ‘ \
J: the Jacobian matrix 0 ! 2 3 Tmfc(s)
af af of . .
J= [aa Pyl ] (18) Fig.8. Measured Speed of DSIM at Different
+ ! ° Reference Speed Values controlled by ADRC and
After the combination between equation (15) Foc
and (18):
=[x* x® x2 x 11 (19) The results in figure 8 can be divided into
f\fltler the calculation the results are as three phases as the table shows:
ollows:
[7381502.1889] Table 2. comparison between ADRC and FOC in
53567.2311 overshoot, precision and stabilizing time.
H=] 2048.2672
178.0575 phase Phase 1 Phase 2 Phase 3
0014’756 FOC FOC FOC
a, = 7381502.1889 ;a; = 53567.2311 ; — 1 AP AR
a, = 2048.2672 ;a, = 178.0575; shoot 0 o lo o lo 0
a, = 0.014756; (%)
el L0098 | 100 | 98 | 100 | 98
Stabilizat
7. SIMULATION -ion time | 0.2 2 0.2 1 0.2 1
In this section, a comprehensive simulation ()
analysis is conducted
usingMATLAB/Simulink as a chosen o Part2:
platform. MATLAB/Simulink offers a versatile 300 ——foc  ADRC —rer
and powerful environment for modelling and 250 S
simulating complex control systems, making
it an ideal tool for investigating the 200} 7
performance of our DSIM motor control z . 260
system powered by two 3 levels NPC 3 150r / / N
inverters. = 100 / 0
In the first part of the simulation, the tracking = / (I
accuracy and convergence time for various sop/
speed references will be evaluated between o/
ADRC and FOC. In the second part, nominal
resistive torque will be introduced for different 50 - ‘ x - ‘ -
speed values. 0 05 1 15 2 25 3 35 4
Time (seconds)
Fig.9. Comparison of DSIM Speed Control using
ADRC and FOC with 20 N.m Applied Torque at a
Speed Reference of 250 Rad/s
e Partf:
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Figure 10. Comparison of DSIM Speed Control
using ADRC and FOC with 20 N.m Applied
Torque at a Speed Reference of 300 Rad/s

0 0.5 1

In the simulated control of a Dual star
Induction Motor (DSIM) under varying speed
references, the Active Disturbance Rejection
Control (ADRC) and Field-Oriented Control
(FOC) strategies were evaluated.

For a speed reference of 250 Rad/s, ADRC
showcased remarkable performance by
swiftly rejecting the load torque within 0.2
seconds and seamlessly returning to the
reference speed with precise accuracy of
100%. On the other hand, FOC exhibited a
longer response time, taking approximately 1
second to overcome the load torque and
return to the reference speed with a high
precision of 99%. As shown in fig. 9.
Advancing to a higher speed reference of
300 Rad/s, ADRC continued to impress with
its efficiency, achieving load torque rejection
in less than 0.5 secondsand maintaining a
precise return to the reference speed with an
accuracy of 100%. Conversely, FOC
experienced a comparatively longer duration
of around 1.5 seconds to reject the load
torque and return to the reference speed with
a slightly reduced precision of 99% as shown
in fig. 10.

8. CONCLUSION

In industrial applications, as well as in the
context of electric vehicles, our study
demonstrates the remarkable effectiveness
of the ADRC-LSE control method applied to
the Dual Star Induction Motor (DSIM)
powered by three-level NPC inverters. The
DSIM exhibited impressive speed tracking
capabilities, rapid convergence, and robust
disturbance rejection. This combination of
precision and reliability positions ADRC-LSE
as a promising control solution, with the
potential to enhance motor performance and
efficiency across industries, while also

contributing to the advancement of electric
vehicle technology.

This approach holds significant potential for
enhancing the efficiency and effectiveness of
DSIM-powered electric vehicles, offering
valuable insights into their practical
applications and performance optimization in
the realm of electric mobility.

9. NOMENCLATURE

P number of pole pairs

i the moment of inertia

R4, Ry, stators resistance

Ly, Lg, stators inductances

las1, lgs1» Las2iqs2 COMponents of the stator
currents in the dq axis

Vas1, Vgs1 Vasz, Vgs2 respectively stator
voltages in the dq axis

L, rotor inductance

Ly Mutual Inductance

Das1, Dgs1» Dasz, Dgqs2 Components of the stator
flux in the dq axis

@ ar» Dgr rotor flux in the dq axis

Cem The Electromagnetic Torque

C, The Load Torque

E. The friction Coefficient
U generated law by ADRC.
fr reference frequency.

fmm measured frequency.

] ThedJacobian matrix
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