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Abstract

The control of Dual-Star Induction Machines (DSIMs) with high performance remains a
challenging task, particularly in the presence of parameter variations and under sensorless
operation. In practice, widely used controllers such as Proportional-Integral (PI) and classi-
cal sliding mode (SM) often reach their limits, especially in terms of dynamic responses,
sensitivity to disturbances, and chattering, which can negatively affect system stability
and efficiency. In this work, an improved Rotor Flux-Oriented Control (RFOC) strategy
is proposed. It combines a super-twisting sliding mode (STSM) speed controller with a
Model Reference Adaptive System (MRAS) observer. The STSM controller ensures faster
convergence and enhanced robustness while significantly reducing chattering. Meanwhile,
the MRAS observer enables accurate rotor speed estimation without mechanical sensors,
thereby simplifying the system and improving reliability. The control scheme is developed
using the Xilinx System Generator (XSG) in a fixed-point environment, providing an FPGA-
oriented and compatible simulation framework. To assess its effectiveness, the proposed
method is evaluated through several simulation scenarios and compared with conventional
RFOC-PI and RFOC-SM approaches. The results demonstrate clear improvements in dy-
namic performance, disturbance rejection capability, and steady-state accuracy. Overall,
the proposed approach provides a practical and efficient solution for DSIM drive systems
operating under demanding conditions.

Keywords: dual star induction machine; rotor flux oriented control; super-twisting sliding
mode; model reference adaptive system; Xilinx system generator

1. Introduction

Dual-Star Induction Machines (DSIMs) are increasingly used in automotive, railway,
marine, aerospace, and renewable-energy applications due to their high fault tolerance,
efficient power sharing between the two stator windings, reduced torque ripple, and
relatively simple control implementation [1,2]. Despite these advantages, the mathematical
modeling of DSIMs is inherently more complex than conventional induction motors, and
the strong coupling between flux and torque complicates the design of effective controllers.
Advanced vector-control strategies, such as Rotor Flux-Oriented Control (RFOC), are
commonly adopted to achieve torque—flux decoupling similar to that of DC machines [3].

RFOC structures traditionally rely on Proportional-Integral (PI) speed controllers.
Although straightforward to implement, PI regulators are sensitive to parameter variations,
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modeling uncertainties, and external disturbances, which limits their robustness [4]. To
achieve a better dynamic performance, researchers have explored various nonlinear control
techniques, such as sliding mode control (SMC), fuzzy logic, backstepping, and adaptive
methods [5]. SMC is particularly attractive due to its robustness and strong disturbance-
rejection capability; however, classical SMC suffers from chattering, as widely reported [6,7].

Fuzzy logic has been combined with sliding mode control (SMC) to adaptively tune
the switching gain, thereby enhancing the robustness and dynamic performance [8,9].
In [8], a fuzzy SMC strategy was proposed for doubly salient induction motors (DSIMs),
demonstrating superior robustness and dynamic response compared with conventional PI
controllers. Similarly, ref. [9] developed a fuzzy fast-terminal SMC for switched reluctance
motors, achieving high tracking accuracy and reduced chattering. Nonetheless, the integra-
tion of fuzzy logic with SMC increases controller complexity and complicates parameter
tuning [10]. To address these challenges, the super-twisting algorithm, a second-order
SMC technique, has emerged as an attractive solution for maintaining robustness while
reducing chattering and preserving simpler implementation. This method only requires the
sliding variable, facilitating practical deployment. In particular, ref. [11] demonstrated that
incorporating a super-twisting controller within a direct torque control (DTC) framework
leads to smoother torque profiles and improved dynamic performance.

The implementation of advanced control strategies requires accurate rotor speed
information. Using mechanical sensors, such as encoders, increases both the cost and
system complexity while potentially reducing reliability. As a result, sensorless control has
become widely adopted, improving robustness and simplifying maintenance. However,
many sensorless techniques still depend on precise motor parameters, which can degrade
the performance when parameter variations occur. Various sensorless strategies have
been investigated for DSIMs. Recent reviews [12-15] highlight approaches such as sliding
mode observers, extended Kalman filters, neural networks, and Model Reference Adaptive
Systems (MRASs). Among these, MRAS-based estimators are particularly attractive for
rotor speed estimation due to their high accuracy, fast dynamic response, low computational
burden, robustness to measurement noise, suitability for real-time implementation on DSP
or FPGA platforms, and overall cost-effectiveness.

Beyond control design, the choice of hardware platform plays a critical role in the
overall system performance, as high-speed and efficient control requires a substantial
computational capability. Microcontrollers (e.g., STM32) and DSPs are commonly used
in industrial drives and can provide a satisfactory performance for many applications. In
contrast, FPGAs offer significant advantages, including the parallel execution of multiple
complex algorithms, low-latency control, and deterministic timing, making them particu-
larly suitable for high-performance or research-oriented applications [16-18]. Traditionally,
FPGA development relies on hardware description languages such as VHDL or Verilog,
which can be complex and time-consuming. In this work, the Xilinx System Generator
(XSG) is employed as a high-level tool that automates VHDL code generation, enabling
the rapid, portable, and platform-independent implementation of control systems across
different FPGA architectures [19,20].

Motivated by these considerations, this paper proposes a hybrid sensorless control
strategy for Dual-Star Induction Machines that combines RFOC with a super-twisting
sliding mode (STSM) speed controller and an adaptive MRAS-based observer for speed
estimation. The main contribution of this work is the unified integration of these established
techniques within a DSIM-oriented framework, along with an FPGA-oriented fixed-point
simulation-based XSG. This coordinated approach improves the dynamic performance, ro-
bustness, and chattering mitigation. The effectiveness of the proposed method is validated
through comparative analysis with conventional control strategies.
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The structure of this paper is as follows. Section 2 presents the DSIM model and RFOC
fundamentals. Section 3 details the speed controllers. Section 4 introduces the adaptive
MRAS observer. Section 5 reports the simulation results, comparing controller performance
and evaluating the MRAS estimator. Section 6 describes the FPGA-compatible implementa-
tion using the XSG-based fixed-point simulation framework. Finally, Section 7 concludes
the paper by highlighting the main contributions and summarizing the key findings.

2. DSIM Rotor Field-Oriented Approach
2.1. Model of DSIM

This study investigates a Dual-Star Induction Machine (DSIM) with two star-connected
three-phase stator windings, electrically displaced by 30° and supplied by voltage sources
of equal amplitude and frequency with the same phase shift [21]. The machine’s behavior
is described by its mathematical model, which captures the electrical dynamics of each
winding. The voltage equations, forming the foundation for subsequent control design, are

presented below:
ddsq

Usd1 = Ts1isgr + —gf+ — WsPsq1
. dsg

Usql = Ts1lsql + % + WsPsgn )
. d

Usdp = Tsalsgn + flstdZ — Wshsp

. dbors

Usq2 = Ts2lsq2 + % + WsPsar
. d

Uy =0 =rpipy + ﬁzd - wg(Prq
. d

Vg = 0 = rrirg + G+ Wepra

The flux equations are established as shown below:

$sar = Ls1isar + Lpcisaa + Miyg
¢sq1 = leisql + LPCiqu + Mirq
$sa2 = Lspisan + Lpcisgr + Miyg
¢sq2 = Lsziqu + LPCisql + Mirq

$ra = Lyirg + M(isa1 + isaz)
(Prq = Lrirq + M(isql + isqz)

The electromagnetic torque equation is given as follows:

3PM . . . .
Tem = oL ((Prd (qul + lqu) - ‘Prq(lsdl + lst)) ®)
r

The mechanical formula is illustrated as:

(@)
]W+fQ:Tem*Tl (6)

In the above equations, v, ¢s, is represent stator voltage, stator flux, and stator current,
respectively. Ls; and Ly, indicate the leakage inductances of the stator windings for the
first and second star circuits, whereas L, corresponds to the rotor leakage inductance. The
stator and rotor resistances are given by r; and r;, respectively. L, defines the mutual
inductance between the two stator windings, while M describes the cyclic mutual induc-
tance between the stator and rotor. With (2 denoting the mechanical angular speed of the
rotor, w;s the stator electrical angular speed, w, = P(2 the rotor electrical angular speed,
and wg = ws — wy the slip angular speed. The number of pole pairs is indicated by P, |
represents the rotor inertia, f is the viscous friction coefficient, T, the electromagnetic
torque, and T; the load torque.
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2.2. DSIM RFOC

The main principle of the Rotor Flux-Oriented Control (RFOC) is to operate the
induction motor similarly to a DC machine by decoupling the torque and flux. This is
accomplished by aligning the rotor flux vector with the direct axis (d-axis) of the Park
reference frame, effectively forcing the quadrature-axis flux component to zero [22,23]:

ot
rq -

By replacing Equation (7) in Equation (4) and simplifying, the rotor flux expression is
obtained as follows:

¢r = Lyiyg + M(is + 15a2) (8)
0 = Lyirg 4+ M(isg1 + isq2)
Through Equation (8), the rotor current is expressed as follows:
Irg = L%((Pr - M(isdl + ist))
T My ) ©)
g = —1, (lsql + lqu)

By substituting Equations (7) and (9) into Equation (3) and simplifying, the stator flux
expression is presented as follows:

boin = Liisar + Loisaz + 2y
Psaz = Lnisar + Laisan + 12

. ) (10)
$sq1 = Liisq1 + Laisp
Gbqu = Lliqu + L2isq1
where Ly = Lo = Ls, Ly = (L,— M?) /Ly, Ly = (L, — M?)/L,.
By replacing Equation (9) with Equation (2) and simplifying, we obtain:
T4 ¢ + ¢ = M(isar + i)
M/ . (11)
wg = 7, (s +isp2)
where T, = L, /7,.
The electromagnetic torque, given in Equation (5), can be expressed as follows:
3PM . )
Tem = 477(15‘11 + lsqz) (12)
2L,

Substituting Equations (7) and (10) into Equation (2) yields the direct and quadrature
stator voltages expressions:

Usg1 = Tsrisqr + L1582 — ws (Liisgr + Laisg2)
- di ) .
Usan = Tspisgn + L1752 — ws(Lyisg2 + Laisg)
. digpq . . M
Usql = Ts2lsq1 + Ll% + ws (Lllsdl + Lopiggn + E¢7)

. disg . : M
Usq2 = Ts2lsq2 + L1% + ws (Lllst + Laigqn + E(PV)

(13)

The DSIM equations are rewritten to decouple the d—q axes and simplify the computa-
tion of the stator current controller coefficients:
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ok
Usdl = Ugnq + Usdic
Usd2 = Uggp + Usdze

14
Usq1 = v:ql + Usqlc (14)

Usq2 = U;qu + Usq2c

where

. di
v:dl = rs1isg1 + L1 ;?1
. dig
U:dz = rsalsgp + L1 5?2
* _ . L dlsql (15)
Usq1 = Ts2lsql L

, die
Uggp = Ts2isq2 + L1

Usdlc = —Ws (Llisql + LZiqu)
Usd2e = —Ws (Lliqu + L2isq1) 16
Usqle = Ws Lqigg1 + Loigan + LM,4)7’ (16)

. . M
Usq2c = Ws Lyisgy + Loisq + E(Pr

3. DSIM Speed Controller
3.1. Speed Control Using a Proportional-Integral Controller

The conventional fixed-gain PI controller is typically expressed as follows:

Tonres = Cypor(Ques = Q) + [ Cia Qg — Q) (17)

The controller gains C,q and Cjq are usually tuned under nominal operating condi-
tions, often using pole-placement techniques, and remain constant during operation. In
this work, the PI controller gains are determined using pole compensation to obtain the
desired closed-loop speed dynamics. From Equation (6), the transfer function between the
electromagnetic torque and the rotor speed is expressed as:

1
H(p) = 18
) =757 (18)
The PI controller is mathematically defined as follows:
= — = 1
C(p) CPQ + v CPQ( + TQP) (19)

where TQ = CPQ/CZ'Q.

The parameters of the speed controller are determined based on open-loop time
constant compensation. The proportional gain is selected such that the closed-loop time
constant is four times smaller than that of the open loop. A pole-zero compensation
approach is adopted, where a controller of zero cancels the mechanical pole. Consequently,
the controller parameters can be expressed as Cp = 4f and Cjq =4 f2 /]

Despite its simplicity, the fixed-gain PI controller remains sensitive to parameter
variations and external disturbances, which may degrade the overall performance. To
address these limitations and enhance robustness, a sliding mode controller (SMC) can be
introduced, offering improved adaptability to system uncertainties and disturbances.

3.2. Speed Control Using a Sliding Mode Controller

Sliding mode control (SMC) offers several advantages for speed control, particularly
in addressing the limitations of conventional Proportional-Integral (PI) controllers. Its key
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features include fast transient response, strong robustness to system uncertainties, and low
sensitivity to matched disturbances.

An SMC-based controller is typically designed in two steps. First, a sliding surface
is defined to represent the desired system dynamics. Then, a control law is developed to
drive the system states toward this surface and maintain them on it [7,24]. In this work,
the sliding mode speed controller is used to generate the reference electromagnetic torque.
Accordingly, Equation (6) can be rewritten as follows:

: 1
0= T(Tem—Tl_fQ) (20)

Let (2,.¢ denote the desired speed and (2 the actual speed. The tracking error is
defined as en = 2,y — (2. Based on this error, the sliding surface can be expressed as
follows [11]:

SQ:€Q+/y€th (21)

where y is a positive constant.
The corresponding expression of the control law is given in Equation (22) [7]:

U(t) = Ugg(t) + Ugn(t) (22)

Here, the equivalent control U, governs the system behavior on the sliding sur-
face, while the discontinuous term Uy, acts as a switching function to compensate for
disturbances and parameter variations. The discontinuous component can be Uy, written
as follows:

Ugn(t) = dq Sign(Sn) (23)

where d(, is a positive constant.

Owing to its discontinuous nature, this term leads to chattering effects, which can be
attenuated by using a continuous (smooth) control function. The equivalent control law
is derived by imposing the sliding condition (Sq = Sq = 0). The derivative of the sliding
surface is defined as [25]:

. ) . . . 1
Sa =eq+peq = Qref — Q4 peq = Qref - l:](Tem -1 - fQ):| + peq (24)

Considering U(t) = Tem, the previous equation can be rewritten as:

Sa=en+peq = Qup—Q+peq = Qe — [%(U(f) =T —fQ)} + Heq

. 25
= Qyf — H(Ueq(t) +Ugn(t) = T —fQ)} + peq 2

To fulfill the equivalent control concept S = Sq = 0, we can obtain:

Uey(t) = ](Q;’ef + ? + % + peq — U%(t))

da Sign(Sa)

=T Qe+ T+ 2 4 peq — (26)

=0
:](Qref'f'?'i'fTQ"_}wQ)
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According to Equation (23), the reference torque is expressed as:

. T (@) .
Temref = ](Qref + TI + fT + V€O> +dqn Slgn(sﬂ) (27)

Once the SMC law is established, it is essential to assess the system stability. This can
be done using the Lyapunov stability criterion, as described below [26]:

V= %sé (28)

The existence and reachability of the sliding mode are guaranteed when the time
derivative of the Lyapunov function is a negative definite. Based on the Lyapunov candidate
introduced in Equation (28), the derivative of V is obtained as:

V =505q <0 (29)

Therefore, the reachability condition of the sliding mode speed controller is ensured.
Combining Equations (25) and (29) yields:

V = 5050 = Sa (s — [} (Uea(t) + Ugn(t) = Ti = £OQ)] + e
— S, (Q;ef - H(Ueq(t) +Uqn(t) = Ty —fﬂ)] +yeg>

S0 (o;ef ~[1(1(ep + B+ 12+ eq)) + da Sign(Sq) — T; - £O)) +ueo>

—Sg (Qref - [Qref + 0 T 124 LagSign(Sa) + “I/IBQ} + ym) (30)
: T fQ T .
=Sa | Qref — Qper — 71 - fT + 71 — peq + peq — %dQSIgH(SQ)

=0
= —%SQdQSign(SQ) <0

Hence, the stability condition is confirmed.

Nevertheless, classical SMC designs may induce chattering due to high-frequency
switching, which can negatively affect actuator performance. To overcome this limitation,
advanced strategies such as the super-twisting sliding mode controller (STSMC) are com-
monly employed, providing continuous control action while preserving the robustness of
conventional sliding mode control.

3.3. Speed Control Using a Sliding Mode Super-Twisting Controller

High-order sliding mode (HOSM) control has been proposed to overcome the inherent
limitations related to the relative degree and to significantly reduce the chattering phe-
nomenon observed in conventional sliding mode control (SMC). Among the various HOSM
strategies, the super-twisting sliding mode controller (STSMC) has attracted significant
attention due to its superior robustness and enhanced dynamic performance, particularly
in electric driving applications [27]. As a second-order sliding mode technique, the STSMC
ensures finite-time convergence through a continuous control action, thereby eliminating
the high-frequency switching associated with classical first-order SMC [28]. This property
is achieved by exploiting the tracking error and its intrinsic dynamics without requiring ex-
plicit differentiation, which simplifies practical implementation. Furthermore, the STSMC
preserves the inherent robustness of SMC against parameter uncertainties and external
disturbances, while effectively attenuating chattering. It is particularly suitable for systems
with a relative degree equal to one and can be extended to more complex dynamics without
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requiring higher-order derivatives of the sliding variable. Consequently, the super-twisting
algorithm provides an effective trade-off between robustness, accuracy, and implemen-
tation simplicity, making it a powerful and reliable solution for high-performance speed
control systems operating under smooth disturbances with bounded gradients.

Consider the following nonlinear system:

Sa = 9(x,t) +Y(x, ) Ust (31)

where S, is the sliding surface, Ugt is the control signal, and ¢ and Y are uncertain
functions with upper and lower bounds.

To guarantee convergence of the sliding surface to zero in the presence of disturbances
and uncertainties, the functions ¥ and Y must verify the following conditions:

Y < Y(x,t) < Yy

[(x, t)| < (32)
Y >0

According to Equations (20) and (21), the derivative of the surface is written as follows:

Sa = eq+ Hea = Quep = QO+ pieq = Oy — [} (Tow = Tj = FQ) | + preqy
= JQur + TL+ fQ+ Jpeq — Tom
= ]Qref + T +f(Qref - €Q> + Jueq — Tem
= JQer + TL+ fQuet + (T — flea — Tem

(33)

The STSMC control law is composed of two parts, U; and Uy, represented as fol-
lows [29,30]:

Ust = Uy (t) + Ua(t) (34)
where
U, = —5Q|SQ|rSign(SQ) + U (35)
dall .
~p = —pasign(Sa) (36)

where J and pq are chosen as positive constants, and the parameter r presents the degree
of nonlinearity. The sufficient conditions by Levant to offer a finite-time convergence are

given as follows [31]:

0a > &

2 < 4 Yulpa+)
% = Y, Y(pa =) (37)
0<r<05
where Y3 and Y}, are considered the bounds of the function Y. By identification, and using
Equation (31) together with the condition in Equation (32), the variable Ugr, ¢ and Y can
be expressed as follows:

Sa=p(x,t)+Y(x,HUst = JQus + To + fOret + (J1t — f)ea—Tem (38)

where _
¥ Z‘ JQyes + Ti 4 fOret + (1 —f)en‘
Y =1 (39)
uST = Tom = *5Q|SQ‘rSign(SQ) — prSigl’l(SQ)
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From Equation (38) and based the condition of Equation (36), we have 0.25 <Y < 4,
and we can choose the dq and pq:

po > ohs > 4y

2~ 4y 4(dy+y)
00 2 5252 025(4p—y) = 20-669 (40)
r=20.>5

4. Design of an Adaptive MRAS Speed Observer

The Model Reference Adaptive System (MRAS) is a well-established approach for
sensorless speed estimation in AC drives, owing to its simple structure, satisfactory accu-
racy, and suitability for real-time applications. In this study, an adaptive MRAS observer
is designed for the DSIM to estimate the rotor speed without mechanical sensors, thereby
improving system reliability and reducing hardware costs [32]. The proposed scheme relies
on two models: a reference model that is independent of the rotor speed and an adaptive
model that explicitly depends on it, as shown in Figure 1. The mismatch between the
outputs of these two models is processed through an adaptation mechanism to generate
the estimated rotor speed [33]. It is important to note that the proposed MRAS is solely
dedicated to speed estimation, while the electrical variables are regulated independently
by the inner current and flux control loops.

vS
—_
- Reference Model
li12)-

%Adjust% Model

Q

- Adaptation Mechanism

Figure 1. Functional diagram of the adaptive MRAS observer.

The observer is formulated using simple algebraic expressions, which facilitates its
implementation on FPGA-based platforms. The rotor speed is obtained by minimiz-
ing the error between the reference and adaptive models. Although parameter varia-
tions, such as temperature changes or magnetic saturation, may influence estimation
accuracy, the proposed MRAS demonstrates sufficient robustness under the considered
operating conditions.

4.1. MRAS Modeling

The DSIM model is transformed from the synchronous d-q frame to the stationary «
frame to simplify MRAS implementation. From this model, two independent expressions
of the rotor flux are obtained.

The first expression corresponds to the reference model, where the rotor flux is esti-
mated using the stator voltage equations:

{ P‘P:;f = M'(vsal — Tsisq1 — pLiisqr — pLoisa2)

(a1)
P9l = % (v — rsisgn — plLaisp — plaisga)
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where p is the operator place.
The second expression corresponds to the adaptive model, where the rotor flux is
based on voltage equations and depends on the rotor speed:

{p(ﬁ’,,’f = Mg (isa1 + isu2) — ‘:r‘l)gg - wr(P?g (42)

F’Qbfg = M‘:r (is/Sl + isﬁz) - ‘:rcpfg + wr‘l’fo‘f

ef

ence and adaptive models, respectively, and ¢, = T,~ 1 represents the inverse of the rotor

where ;" and 2% denote the components of the rotor flux estimated by the refer-

time constant.
Using the errors ¢, and ¢g as a function of  and B:

e = 9 —9f
_ref ad (43)
€g = (Prﬁ - (Prﬁ
This leads us to the following system of equations:
pe, = —Gréa — wrép — ‘Pfg(wr — wy) (44)
Pfﬁ = _grsﬁ + wreq + 47?5((4)7 - aj\r)

This expression can be represented in matrix form as follows:

Ea| —Cr —wr| | _(ng o~
Sﬁ‘| = [ w, — ér ] [Sﬁ] + [ gg ](wr (UV) (45)

4.2. Development and Derivation of the Adaptation Mechanism

p

The adaptation law plays a key role in the estimation process by ensuring system
stability and the asymptotic convergence of the estimated variables toward their true values.
To guarantee hyperstability in time-varying linear systems, the adaptation mechanism
is designed based on Popov’s inequality. In this work, the proposed adaptation law is
integrated within the rotor flux-based MRAS scheme. Accordingly, Equation (45) can be
expressed as follows:

plel = [B][e] - [Q] (46)

| € I A _ 47% o~
o[ o [

The necessary and sufficient condition for hyperstability is that the considered transfer

where

matrix [A — 1] s strictly positive real. Under this condition, system stability is guaranteed
when all eigenvalues have negative real parts. In addition, the second term of the matrix
formulation must converge to zero or at least remain bounded with minimal energy.
Meanwhile, the adaptation mechanism must satisfy Popov’s hyperstability criterion, which
can be expressed as follows:

/; [[@)dt > —x%  £t>0 47)

Following the formulation introduced in [34], the adaptation law considered in this
work is expressed as follows:

& = Hz([eDf/ot Hi ([¢] )dt (48)
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By substituting the expressions of € and w; into Popov’s inequality, we obtain:

./; eatff —epotd] {wr - (Hz([e]) + /O t H1([8])dt>:| — (49)

The following relationship allows us to obtain the solution to this equation:

[ ks e = 572(0) 60

When Popov’s inequality is resolved with the preceding expression, the following
relationships emerge:

R N G
Hy = o (@73 o3 — v ¢

To implement the adaptation mechanism, a Proportional-Integral (PI) controller is

(51)

employed, where the integral and proportional gains are respectively determined. Figure 2
illustrates the block diagram of RFOC-STSMC with an adaptive MRAS observer.

I, I

sa /\ sal
Inverterl ( DSIM\) Inverter2
Fs.ts.ls.
Sal sz SCl c2 bl a2
|
( SVPWM )( SVPWM )
Vsalr Vsa2r T 2/3
T 2/3 —0,
MRAS
Isal ISBZ IsaZ IsﬁZ é
Verr VsBlr Vs|32r Ve és—g ——l (aB)~ (dq) | (aB)> (dq) |“é=
|(dq)—>(°ll3) | |(dQ)—>(ul3) | I:l f] I*dz *I )
S sq S sq
Vsdlr Vsqlr V>er Vsqzr sq
1
sqref
PI Current & ZTSD(;I —(%
pee
Isq2
PI Current 0 iy
Decoupling
PI Current d)ne .
Isdl Isdrcf ~
PI Current PI FLUX A—(é‘i (br
|

Figure 2. Block diagram of the DSIM under RFOC-STSM with an adaptive MRAS.

5. Simulation Results

To validate the DSIM performance under the proposed RFOC-STSM control and
assess the effectiveness of the adaptive MRAS, numerical simulations were conducted
under different operating speeds and load torques, as illustrated in Figure 3. The nominal
machine parameters are summarized in Appendix A.
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1437 120/ ]
£ E
IS Z B0 |
o = |_
—1437 o— ;
0 2 4 5 0 2 4 5
t(s) t(s)

Figure 3. Reference motor speed and load torque variations.

The performance of the considered control strategies (RFOC-PI, RFOC-SM, and RFOC-
STSM) is evaluated using a set of quantitative indices that reflect different dynamic and
steady-state characteristics. In particular, the Integral Square Error (ISE), Integral Absolute
Error (IAE), and Integral Time Absolute Error (ITAE) are adopted to assess the tracking
performance and transient behavior. These indices are defined as [35]:

ISE= [ (Qref - Q)Zdt
IAE = [ ’ (Q,ef - Q) ’dt (52)
ITAE = [ t‘ (Qref - Q) ‘dt

In addition, the ripple is used as a performance indicator to evaluate the smoothness
of the electromagnetic torque and stator current. It is defined as the relative peak-to-peak
variation in the signal with respect to its average steady-state value and is expressed as:
Xomax — Xmi
Y T 100% (53)

Xmeun

Ripple =

where X represents either the electromagnetic torque or the stator current. These per-
formance metrics provide a comprehensive evaluation framework for comparing the
effectiveness of the different control strategies.

5.1. Comparison of the Three Approaches

Figure 4 compares the rotor speed responses of the DSIM under load torque distur-
bances using three control strategies: RFOC-PI, RFOC-SM, and RFOC-STSM. All controllers
ensure stable operation and acceptable dynamic performance during startup while accu-
rately tracking the reference speed profile; however, clear differences appear in transient
behavior and disturbance rejection. A load torque of 120 Nm is applied at t = 1 s to eval-
uate the robustness of the control strategies under sudden disturbance conditions. The
RFOC-PI exhibits the largest speed deviation when the load is applied att =1s, with a
speed drop of about 62 rpm and a slower dynamic response characterized by a settling
time of 0.75 s. In contrast, the RFOC-SM significantly improves robustness, reducing the
speed drop to approximately 4 rpm and decreasing the settling time to 0.65 s. The proposed
RFOC-STSM achieves the best performance, maintaining nearly the same minimal speed
drop (~4 rpm) while ensuring the fastest dynamic response with a settling time of 0.61 s.
This improvement confirms the superior robustness and disturbance rejection capability of
the STSM-based control, ensuring precise speed regulation and enhanced stability.
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Figure 4. DSIM speed response under three control strategies: (a) speed curves; (b) zoomed view.

Figure 5 presents the electromagnetic torque responses of the DSIM under RFOC-PI,
RFOC-5M, and RFOC-STSM control strategies in the presence of load torque disturbances.
The comparison highlights clear differences in the dynamic performance and torque quality
among the three approaches. The RFOC-STSM strategy provides the smoothest torque
response with the lowest ripple level (2.44%), confirming its effectiveness in reducing
oscillations and improving steady-state behavior. In contrast, the RFOC-SM exhibits higher
torque ripples (3.49%) due to the chattering phenomenon inherent to the first-order sliding
mode control, while the RFOC-PI also shows relatively higher ripples (3.48%) and slower
dynamic responses. These results validate the superiority of the super-twisting sliding
mode approach in mitigating chattering and enhancing both the dynamic performance and
torque smoothness.

—RFOCPI | ]

——RFOC-SM | | 122
. ' £

Z 120
5
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118 ;
13 14
t(s) t(s)

(a) (b)

Figure 5. DSIM electromagnetic torque response under three control strategies: (a) torque curves;
(b) zoomed view.

Figure 6 illustrates the stator current component isq; under the RFOC-PI, RFOC-S5M,
and RFOC-STSM control strategies. The obtained results indicate that all controllers are
able to ensure satisfactory tracking of the reference current trajectory, confirming the effec-
tiveness of the overall control structure. But there are clear differences in the quality of the
current and the amount of ripples. The RFOC-STSM controller provides the smoothest cur-
rent waveform, achieving the lowest ripple level (4.88%), which reflects its strong capability
in attenuating oscillations and improving current regulation. In contrast, the RFOC-SM
exhibits more pronounced fluctuations (5.94%) due to the chattering effect associated with
classical sliding mode control, while the RFOC-PI presents a slightly lower performance
in terms of smoothness with a ripple level of (5.92%). These results are consistent with
the previous torque analysis and confirm that the super-twisting sliding mode strategy
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significantly enhances current quality by effectively reducing chattering and enhancing
current smoothness and overall control quality under the considered operating conditions.

——RFOC-PI
——RFOC-SM | |
50 | —— RFOC-STSM [---i-weoeoeemreerfoeeeee —

A
isq (A

Figure 6. DSIM stator current isq) response under three control strategies: (a) stator current curves;
(b) zoomed view.

Figure 7 illustrates the rotor flux ¢, response of the dual-star induction motor under
the RFOC-PI, RFOC-5M, and RFOC-STSM control strategies. Prior to the speed variation, all
methods maintain the flux close to its reference value (0.31 Wb), confirming effective steady-
state regulation. During the transient induced by the speed change, a slight flux deviation
is observed for all controllers. However, the RFOC-STSM strategy achieves the fastest
recovery toward the reference value, whereas the RFOC-PI and RFOC-SM exhibit slower
convergence. This behavior highlights the superior dynamic response and robustness of
the STSM-based approach in preserving flux stability under varying operating conditions.

04 : : : :

B e
= E i E :
g 02 e S f—
& . |—FRFoC-PI

L [ ——RFOC-SM

0 | . |—RFoOC-8TSM
0 1 2 3 4 5

Figure 7. DSIM rotor flux response under three control strategies: (a) rotor flux curves; (b) zoomed view.

Figure 8 illustrates the stator current waveforms in the (a, b, ¢) frame under the
different control strategies. The comparison highlights the quality of the phase currents
in terms of waveform smoothness and distortion. The RFOC-STSM approach achieves a
significant reduction in current distortion, resulting in more sinusoidal waveforms and
improved current quality. This improvement demonstrates the effectiveness of the super-
twisting algorithm in enhancing current waveform quality, thereby contributing to a better
overall system performance.

Figure 9 presents a comparison of the total harmonic distortion (THD) obtained under
the RFOC-PI, RFOC-SM, and RFOC-STSM control strategies. The THD values are evaluated
under identical steady-state operating conditions, using the same sampling period and
a sufficiently long time window after system convergence to ensure accurate harmonic
assessment. The results clearly show that the RFOC-STSM controller achieves the lowest
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THD value (5.78%) compared to (6.37%) for RFOC-PI and (6.74%) for RFOC-SM. This
improvement confirms a reduction in harmonic content and better quality of the current
waveform. The superior performance of the RFOC-STSM strategy is attributed to its ability
to reduce the chattering phenomenon, which leads to smoother current waveforms and
improved harmonic performance under the considered operating conditions.

1.31 1.32 1.33 1.3 1.31 1.32 1.33

1.3
t(s) t(s)
(a) (b)
Figure 8. Zoom of the DSIM stator current is,},¢; response under the three control strategies and rotor
flux response under three control strategies: (a) RFOC-PI; (b) RFOC-SM; and (c) RFOC-STSM.
= FFT analysi - FFT analysi
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Figure 9. Total harmonic distortion (THD) for the three control strategies: (a) RFOC-PI; (b) RFOC-SM;
and (c) RFOC-STSM.

The integral performance indices, namely ISE, IAE, and ITAE, provide a comprehen-
sive assessment of the tracking accuracy and dynamic behavior of the considered control
strategies. The obtained results clearly indicate that the proposed controller achieves supe-
rior performance in terms of minimizing tracking errors and improving transient response.
In comparison, the conventional PI and first-order sliding mode controllers exhibit signifi-
cantly higher error levels, reflecting less accurate tracking and slower dynamic convergence.
Opverall, these results confirm the effectiveness of the proposed approach in enhancing both
steady-state and dynamic performances.

Table 1 presents a comprehensive comparison of the dynamic performance of the
DSIM under the three considered control strategies. The reported metrics include torque
ripple, stator current ripple, settling time, performance indices, and speed deviation under
load disturbances. The results demonstrate that the RFOC-STSM controller consistently
achieves the best performance among all methods, ensuring reduced speed deviations,
faster transient response, and lower ripple levels in both the torque and stator current. These
outcomes clearly highlight the superiority of the proposed control strategy in enhancing
system robustness and dynamic behavior when compared to conventional PI and first-order
sliding mode controllers.
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Table 1. Comparison of stator current ripple, torque ripple, THD, ISE, IAE, ITAE, settling time, and
speed drop under three control strategies.

RFOC-PI RFOC-SM RFOC-STSM

Torque ripples 3.48% 3.49% 2.44%
Stator current ripples 5.92% 5.94% 4.88%
Drop speed (rpm) 62 4 4

THD 6.37% 6.74% 5.78%
Settling time (s) 0.75 0.65 0.61

2

ISE= [ (me — Q) dt 3.02 1.89 0.008
IAE = [ ’ (Qre - Q) ’dt 0.037 0.027 0.0017
ITAE = [ t‘ (Qre - Q) ‘dt 0.012 0.010 0.005

5.2. Effectiveness of the Adaptive MRAS Combined with the RFOC-STSM

Figure 10 illustrates the dynamic performance of the DSIM drive under the RFOC-
STSM control strategy, both with and without the MRAS-based speed estimator.

2000

1000

0.05

€2- QMRAS

—0.05

t(s)
(d)

Figure 10. Dynamic performance of the DSIM drive operating under the RFOC-STSM control strategy,
with and without the integration of the MRAS observer: (a) rotor speed evolution; (b) electromagnetic
torque response; (c) stator current is;1 component; and (d) speed tracking error.

Figure 10a shows the rotor speed response, where it can be clearly seen that the
estimated speed closely follows the actual speed throughout the entire operating range,
including acceleration, deceleration, low-speed operation, and speed reversal. A closer
examination of the transient behavior reveals that the estimated speed converges rapidly
during abrupt changes in the reference, with negligible overshoot and a short settling
time. This highlights the high estimation accuracy of the MRAS observer. In addition,

https:/ /doi.org/10.3390/automation7040102


https://doi.org/10.3390/automation7040102

Automation 2026, 7, 102

17 of 22

both configurations exhibit almost identical dynamic responses, which indicates that
incorporating the MRAS estimator does not adversely affect the tracking performance
of the drive. Notably, even in low-speed conditions, the observer maintains stable and
precise estimation without oscillations or drift, confirming its robustness under demanding
operating scenarios.

Figure 10b presents the electromagnetic torque response under the same operating
conditions. It can be observed that the torque remains smooth and well-regulated for
both configurations, with rapid stabilization following load disturbances. In addition,
no significant increase in the torque ripple is introduced when the MRAS estimator is
integrated, confirming that the proposed observer does not degrade the inherent robustness
or disturbance rejection capability of the RFOC-STSM controller.

Similarly, Figure 10c illustrates the stator current response, where the currents remain
smooth and well-controlled throughout all operating conditions. The stator currents
stay stable and smooth, with quick recovery after load changes, showing good control
performance. Moreover, the integration of the MRAS observer does not introduce additional
oscillations or instability, ensuring that both the dynamic and steady-state performance
characteristics of the drive are fully preserved.

In steady-state operation, the estimated speed closely matches the actual speed, with
only very small deviations. Figure 10d further confirms this behavior, showing that the
speed error remains tightly bounded within +0.04 rad/s. This demonstrates the strong
robustness of the observer against load changes and speed transients.

Overall, these results demonstrate that the integration of the adaptive MRAS with the
RFOC-STSM controller provides accurate real-time speed estimation, superior disturbance
rejection, and high robustness, making the proposed scheme highly suitable for precise
control of Dual-Star Induction Machines in practical automation applications.

6. Configuration of the Proposed Control Approach on an FPGA
6.1. FPGA-Oriented Design of the RFOC-STSMC-MRAS Method Using XSG

The RFOC-STSMC-MRAS control strategy was developed using the Xilinx System
Generator (XSG) within the Simulink environment, following a hardware-oriented de-
sign approach. Here, hardware-oriented implementation refers to fixed-point model-
ing and FPGA-compatible simulation rather than experimental execution on a physical
FPGA platform.

FPGA-based solutions are particularly suitable for advanced nonlinear control be-
cause they offer parallel processing, low latency, and predictable execution capabilities
that conventional DSP and microcontroller-based platforms often struggle to provide [36].
Accordingly, the full control scheme, including the Park and Clarke transformations, the
STSMC speed controller, and the MRAS observer, was developed using XSG blocks config-
ured in fixed-point and Boolean formats for FPGA-compatible implementation.

Since some functions, such as trigonometric operations, saturation, and integration,
are not directly available in XSG, they were reconstructed using basic arithmetic and logical
blocks (adders, delays, and logical operators). This ensures hardware compatibility while
maintaining efficient resource usage and real-time capability in simulation [37,38].

XSG also supports co-simulation with Simulink, enabling the verification of internal
signals and performance evaluation before synthesis in Vivado. This unified workflow sim-
plifies the transition from control design to FPGA-oriented implementation and accelerates
prototyping compared to conventional software-based approaches [39].
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The proposed control architecture consists of several interconnected modules. Com-
ponents not natively available in XSG—such as the Concordia transformation, the MRAS
adaptation mechanism, and the STSMC—were specifically developed and integrated.
Figure 11 presents the complete RFOC-STSMC-MRAS structure. In this setup, the con-
troller and observer outputs drive the Dual-Star Induction Machine via PWM voltage
signals generated in the XSG/Simulink environment.
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Figure 11. The block RFOC-STSM-MRAS under Xilinx System Generator.

As shown in Figures 12-14, each module operates based on predefined parameters that
define its role within the control scheme. Careful tuning of these parameters is therefore
essential to ensure stability, robustness, and good dynamic performance.

3% ROM1 (Xilin Single Port Read-Only Me.. = & | X
~ a ( = |
e = i Lt T
CMult _ a |, Deoth 10z
}OM\ a-b D _
7 w2 b Vsalpha?2 Initial value vector sin((0: 100022)/100)
r Memory Type: .
x1 addrz! a .baxb ) Distributed memory @ Block RAM
+b - Optional Ports
CMult1 OM1 g - ad
Vsd2ref »a [ Provide reset port for output register
ey axb 5
ﬂdg" Vsqz;ef > g* b 7 Initial value for output register |0
Vsbeta2® :
CMult2 ROM2  CMult3 [7] Provide enable port
" axbh Latency 1
—»b
oo J[ o J[ rep J[ mwv |

Figure 12. XSG's internal architectures of the Concordia.
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Figure 14. XSG’s internal architectures of the MRAS adaptation mechanism.

6.2. Implementation and Simulation Results of the RFOC-STSMC-MRAS Strategy Using Xilinx
System Generator

The implementation and simulation of the RFOC-STSMC-MRAS strategy using the
Xilinx System Generator (XSG) produced results that are highly consistent with those
obtained in the Simulink environment. This strong agreement validates both the accuracy
of the developed control algorithm and the fidelity of its hardware-oriented modeling. XSG
enabled the conversion of high-level control models into a fixed-point, logic-compatible
structure suitable for FPGA-compatible implementation. This fixed-point realization al-
lows for the efficient utilization of FPGA resources while ensuring deterministic real-time
execution—a significant advantage over conventional software-based implementations.

A detailed comparison shows that the ripple levels observed in the XSG -based
simulation environment closely follow those obtained in the Simulink simulation, with
deviations remaining below 4% for both the current and torque. The dynamic motor
characteristics were carefully analyzed, and both simulation environments exhibit closely
matched transient and steady-state responses for rotor speed, torque, and phase currents.
In particular, transient peaks, including initial torque and current overshoots, align closely
in magnitude and timing, further confirming the accuracy and reliability of the XSG-
based implementation relative to the Simulink model. These findings demonstrate that
the hardware-oriented XSG modeling faithfully reproduces the simulated performance
and that the proposed RFOC-STSM control combined with the adaptive MRAS observer
maintains low ripple levels, ensuring stable and reliable operation for real-time applications.
Figure 15 illustrates the comparative results, highlighting the excellent consistency between
both environments.
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Figure 15. Comparison of DSIM simulation results under the RFOC-STSMC-MRAS approach using
XSG and Simulink: (a) rotor speed evolution; (b) electromagnetic torque response; (c) stator current

ig;1 component; and (d) stator phase current isg;.

7. Conclusions

This paper presented an RFOC-STSMC strategy integrated with an adaptive MRAS
observer for sensorless control of Dual-Star Induction Machines. The proposed approach
was thoroughly validated through comprehensive simulations and an FPGA-compatible
simulation using the Xilinx System Generator (XSG) in a fixed-point modeling environment.
Comparative analyses demonstrated that the RFOC-STSMC scheme significantly enhances
the dynamic performance, reduces torque and current ripple, and provides improved
robustness compared to conventional PI and sliding mode controllers.

The adaptive MRAS observer ensured accurate and stable rotor speed estimation
without relying on mechanical sensors, thereby increasing system reliability and reducing
implementation costs. Furthermore, the close agreement between Simulink and XSG
simulation results confirms the consistency of the control algorithm and its suitability for
FPGA-oriented implementation.

Overall, simulation results of the proposed control strategy represent a reliable and
efficient solution for high-performance DSIM drives, making it particularly well suited
for demanding industrial applications. Its FPGA-oriented design allows for efficient
digital implementation, enabling fast prototyping within an FPGA-compatible framework.
Moreover, the methodology provides a general framework that can be extended to other
types of electrical machines, paving the way for broader applications in advanced industrial
automation. Future work will focus on experimental validation on a physical FPGA
platform, hardware resource optimization, and further extension to different machine types
and embedded platforms.
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Appendix A. Parameters of the Dual-Star Induction Machine for
Simulation (SI Units)

The analyzed Dual-Star Induction Machine operates at a rated voltage of 220 V and a
nominal speed of 1437 rpm. It delivers a rated torque of 120 N-m, with stator currents of
2 x 19 A. The electrical parameters include stator resistances of 0.4 (2 and a rotor resistance
of 0.096 Q). The stator and rotor inductances are 82 mH and 8.9 mH, respectively, while
the mutual inductances are 26.3 mH (stator-rotor) and 81.2 mH (stator-stator). From a
mechanical standpoint, the machine is characterized by a moment of inertia of 0.6 kg-m?, a
viscous friction coefficient of 0.8 N-m-s/rad, and two pole pairs.
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