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ABSTRACT: To address the issues of large speed fluctuations and slow current convergence in traditional model reference adaptive system
(MRAS) algorithms, this paper proposes an improved model reference adaptive algorithm based on the fast super-twisting algorithm
(FASTA). First, a feedforward compensation term is introduced into the traditional MRAS framework. Additionally, an adaptive feedback
gain coefficient is designed, which can be dynamically adjusted in real-time to track speed variations and adapt to different external
operating conditions, thereby effectively reducing speed fluctuation amplitude. Furthermore, a fast super-twisting algorithm with a
dynamic adjustment exponential gain term is designed and integrated with the model reference adaptive system, replacing the traditional PI
controller used in MRAS, significantly improving convergence speed of the system. Finally, experimental results verify the effectiveness

and feasibility of the proposed strategy.

1. INTRODUCTION

ermanent Magnet Synchronous Motors (PMSMs) are

widely used in various fields such as household appliances,
aerospace, maritime, and new energy vehicles due to their
high efficiency, strong coupling, and stable operation [1-4].
Traditional PMSM control requires the installation of position
sensors to obtain precise rotor position and speed information,
which not only increases the motor’s size and cost but also
makes PMSM systems prone to sensor failures under harsh
operating conditions such as vibration and high humidity [5].
Consequently, sensorless control methods for PMSMs have
become a research hotspot in the field of PMSM control.

Currently, the sensorless control of Permanent Magnet Syn-
chronous Motors can be categorized into two types. The first
type focuses on zero-speed or ultra-low-speed sensorless con-
trol methods, such as low-frequency signal injection [6] and
high-frequency signal injection [7]. The second type targets
medium-to-high-speed sensorless control methods, including
flux observers [8], sliding mode observers (SMOs) [9], Ex-
tended Kalman Filter (EKF) [10], Model Reference Adaptive
System [11], and artificial intelligence algorithms [12]. Among
them, MRAS is widely used for sensorless control of PMSMs in
medium-to-high-speed scenarios due to its simplicity of imple-
mentation and high accuracy. However, its slow convergence
speed and weak anti-interference capability negatively impact
the system’s control precision and stability [13].

n [14], a fuzzy adaptive rate MRAS speed observation
method was proposed, which used current error as the fuzzy
control input to improve current utilization. This method ad-
dresses speed fluctuations of MRAS under external operational
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condition changes, but its control law overly relies on model
parameters, resulting in weak practicality. In [15], an MRAS
method with fuzzy control was introduced to replace traditional
proportional-integral (PI) adaptive mechanisms, addressing is-
sues such as insufficient robustness in conventional PI con-
trollers. However, the model complexity reduces its reliabil-
ity. In [16], a PI controller combined with neural networks and
MRAS was proposed, effectively reducing speed control fluc-
tuations, but it heavily depended on motor parameters. In [17],
an MRAS incorporating rotor flux was proposed by establish-
ing a voltage compensation model in the system, which elimi-
nated rotor flux errors and enhanced MRAS stability. However,
the experiments did not analyze system stability under low-
speed conditions. In [18], a second-order sliding mode algo-
rithm was integrated with MRAS, and parameter identification
was introduced in the observer, improving anti-interference
and chattering suppression capabilities, albeit at the cost of re-
duced convergence speed. In [19], a combination of SMO and
MRAS was implemented using a partitioned sliding mode al-
gorithm, enhancing system convergence speed in high-speed
ranges. However, first-order sliding modes induced significant
chattering. In [20], an MRAS with current compensation was
proposed, compensating speed errors through fundamental and
harmonic current vectors to resolve speed fluctuations under
current disturbances. However, the system exhibited slow cur-
rent convergence. In [21], a second-order sliding mode algo-
rithm was combined with MRAS, and stator resistance param-
eter identification was introduced to address speed errors under
parameter mismatches. Experimental results demonstrated that
higher-order sliding mode algorithms effectively suppressed
chattering caused by MRAS, but the second-order algorithm re-
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duced system convergence speed. In [22], the chattering mech-
anism induced by sliding mode control was fundamentally an-
alyzed, and the chattering suppression and dynamic response
capabilities of Full-Order Sliding Mode Observer (FO-SMO)
and Super-Twisting Sliding Mode MRAS (STM-MRAS) were
compared. While the STM algorithm addressed MRAS’s in-
sufficient anti-interference capability under constant speeds, it
failed to effectively suppress abrupt step disturbances.

To address these challenges, this paper proposes an MRAS
observer based on fast super-twisting algorithm and feedfor-
ward compensation (FASTA-FC-MRAS), aiming to reduce
speed chattering and improve current convergence speed. The
academic contributions of this research are summarized as fol-
lows:

1) Feedforward compensation is introduced based on the tra-
ditional MRAS, and an adaptive feedback gain algorithm
is designed to enhance chattering suppression capability.

2) A fast super-twisting algorithm is designed, incorporat-
ing a dynamically adjustable exponential gain term in its
proportional component to improve current convergence
speed.

3) The fast super-twisting algorithm is combined with MRAS
theory to enhance the overall dynamic response and static
performance of the system.

2. MATHEMATICAL MODEL AND TRADITIONAL
MRAS DESIGN

To facilitate the description of the proposed control method, this
section presents the mathematical model of the motor and con-
structs a model reference adaptive system based on the motor
model.

2.1. The Mathematical Model of PMSM

The voltage equations of the surface-mounted permanent mag-
net synchronous motor in the rotating d-g reference frame can
be expressed as:
{ uq = Riqg + Lgpiq — WePq (1)
Uqg = Rig + wepq + Lspig

where p denotes the differential operator, and the stator flux
linkage equations are expressed as:

©Yd = Lsid + %)
{ o @)
Pq = Lslq
For the Surface-Mounted PMSM (SPMSM), Ly = Lg = L,
to simplify, substituting Eq. (2) into (1) yields the following
current equation:

3)

pid = _LA:’Ld + weiq + %i
. R . X u

pig = — 1 ig — Wela — Trwe + 7%

where 74 and ¢, represent the d-axis and g-axis stator currents,

respectively; uq and u, represent the d-axis and g-axis stator
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voltages; R and L represent the stator resistance and induc-
tance, respectively; w,. denotes the electrical angular velocity
of the motor; and ¢ represents the rotor permanent magnet
flux linkage.

2.2. Conventional MRAS

The conventional MRAS method does not integrate the equa-
tions of the unknown variables as a reference model, but uses
the stator equation as an adjustable model to estimate the vari-
able parameters. The adjustable model is adjusted by monitor-
ing the d-axis and g-axis stator currents g4 and ¢, of the mo-
tor and comparing them with the reference model. The current
mathematical model shown in Eq. (3) is constructed by includ-
ing the speed estimation required for the adjustable model. The
current error is adjusted by a PI controller to obtain rotor posi-
tion of the motor and speed estimation. The expression for the
reference model is given below:

R —R ’
lq L, “e lq L | ug
pl./]:[ k = L ! “)
Zq —We L. Zq s Uq
where:
! Pr

)

where the prime symbol “’” is used for convenience in the sub-

sequent derivation, and the model also contains parameters that
need to be recognized by the reference frame.

By substituting the measured currents and speed in Eq. (4)
with the estimated current and speed values, an MRAS ad-
justable model containing rotor information can be obtained.

1 —R ~

td L, WYe
Pl = ~ R

iy —We T

In the equations, “A” denotes the estimated value of the corre-
sponding parameter.

As illustrated in Figure 1, the reference model provides the
actual stator currents values, whereas the adjustable model gen-
erates their estimated counterparts. The stator current error dy-
namics equation is derived by subtracting Eq. (4) from Eq. (6),
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FIGURE 1. Block diagram of the conventional MRAS.
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expressed as:

p|‘~.d =A 7d‘|J(We®e)[ﬁg‘| (7)
1q lq g
where:
Qa = ig—ig, g =1ig—1ig,
R
—E 0 -1
A = Ls J = 8

In the equation, 74 and Eq represent the estimated current errors
of iq and 44, respectively. In accordance with Popov’s hyper-
stability theory [23], the estimated speed derived from the con-
ventional MRAS speed estimation method can be expressed as:

-~ k'z L8 ao. . 2
We = (kp + s) (Zdzq —iglq — %(zd - zq)) 9)

The adaptive mechanism represented by Eq. (9) can be re-
garded as a PI controller, where K, and K; are the propor-
tional and integral coefficients of the PI controller, respectively,
and 1/s denotes the integral operator symbol. In the PI con-
troller, K, determines the response speed of the model, but
excessive sensitivity will lead to model overshoot. When the
error between the reference model and adjustable model con-
verges to zero, the estimated motor speed approaches the ac-
tual speed. Additionally, as seen from Eq. (19) and Figure 1,
the estimated motor speed serves as an adjustable parameter
of the adjustable model. In MRAS-based speed estimation,
by comparing the outputs of the reference model (Eq. (4)) and
the adjustable model (Eq. (6)), and utilizing a PI controller to
tune the parameters of the adjustable model, the output of the
adjustable model gradually converges to that of the reference
model, thereby achieving accurate estimation of the actual mo-
tor speed.

3. THE DESIGN OF FASTA-FC-MRAS

3.1. MRAS Design with Feedforward Compensation

In conventional MRAS, the system relies on the error between
the reference model and adjustable model, and the error is grad-
ually adjusted through a PI controller to make the estimated
speed progressively approach the actual speed. However, this
closed-loop adjustment method has certain limitations because
the error correction depends on the accumulation of time and
the feedback process, which results in a delayed system re-
sponse and is difficult to keep up with the actual changes, poten-
tially leading to a gradual increase in the error. To improve the
convergence speed between the reference model and adjustable
model, a feedforward compensation mechanism is introduced.
Adjusting the output of the adjustable model through feedfor-
ward compensation accelerates the error convergence process
between the models and improves the response speed of the sys-
tem. The structure of the feedback correction MRAS is shown
in Figure 2.

u | Reference Model Iy,
- Eq.(10) +
9 >
i’
T
—L—»| .| Adjustable Model
Eq.(12) lfd,,;,q.
@, PI
Eq.(19)

FIGURE 2. Block diagram of the MRAS incorporating feedforward
compensation.

The adjustable model can be derived from the following
equations:

p[? —al 4B Y vc 0
’Lq ’Lq Uq
where:
r R 1
— Wy 0
A = Ls Rl B=1% ||,
L —Wy _fs 0 L.
)
c=1 . (11)
| L

By replacing the corresponding variables in Eq. (1) with their
estimated values and incorporating the feedforward compensa-
tion mechanism, the adjustable model expressed by the state
observer equation can be obtained as:

i g U A i —i
p[;i =Al ! +B{ d]+C+Q o f] (12)
iy iq Ug iy — g
where:
[ R A~ 1
N — W 0
A= %é R ; B = L 1 ’
L —Wy _fs 0 L.
C = 0 (13)
= - _%:wr

As shown in Figure 2 and Eq. (10), Q(i, — i) is the feedfor-
ward compensation function, and () is the feedforward compen-
sation gain matrix. The selection of () must satisfy the stabil-
ity requirements of the observer. By subtracting Eq. (10) from
Eq. (12), Eq. (14) can be obtained.

p[?]:(A+@ ?]—waaw[?]

_er 0
Ls |: Wy _(Z)r :| (14)
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According to the hyper-stability theory of Popov, while satis-
fying the observer stability requirements, the feedforward com-
pensation gain matrix () is selected based on the pole placement
principle as follows:

-Gy

o (15)

-6 %]

-Gy

Furthermore, the following conditions must be satisfied by G;
and Ga:

{ G1:(77+1)L% (16)

G2 = (77 + 1)(2)7«

where 7) is a to-be-designed constant satisfying n > 1.
Expanding Eq. (12) yields the following expression:

i, _ | )L (n+2)d. i,
b iy —(+2)@e —(n+2)£ iy
B 0 we —@e 1| 1y
ey ]lal(m

From Eq. (13), it can be seen that the diagonal elements of
the matrix are all negative, which satisfies the stability condi-
tion. Further analysis of the difference between the matrices A
in Eq. (7) and A + @ in Eq. (14) reveals that, compared to the
traditional MRAS, the MRAS with feedforward compensation
introduces a feedforward correction term into the model struc-
ture, effectively forming a closed-loop state estimation and sig-
nificantly accelerating the error convergence process between
the adjustable model and reference model. In this way, feed-
forward compensation not only improves convergence speed of
the model but also effectively reduces sensitivity of the system
to model uncertainties, thereby enhancing the overall stability
and robustness of the system. To avoid oscillations caused by
excessive feedforward gain, the design of the feedforward gain
coefficient must follow certain guidelines.

The mathematical expression for the estimated speed can be
expressed as:

ki .0 S . 2
We = (k'p + ) <zdzq —iqlq — ﬁ(zd — zq)> (18)
s L,
The block diagram of the system is illustrated in Figure 2.

3.2. Design of the FASTA-FC-MRAS

In the traditional MRAS, the robustness of the PI adaptive
mechanism is not strong, and in the presence of external dis-
turbances, it is difficult to achieve optimal control. To address
this issue, some researchers have proposed first-order sliding
mode control, utilizing the inherent strong robustness of slid-
ing mode to enhance anti-interference capability of the system.
However, first-order sliding mode control requires the intro-
duction of a low-pass filter to suppress chattering, which causes
phase delay in the system. To solve this problem, the super-
twisting algorithm has been introduced as a solution. STA is
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essentially a second-order sliding mode algorithm that, while
providing good robustness, also introduces continuous integral
terms to effectively alleviate the chattering phenomenon. Its
STA mathematical formulation is as follows:

{ iy = — K|z [%Psgn(zy) + 22 (19)
B9 = —Kasgn(x1) + p

In the equation, x; and x5 are state variables; @; and & are the
corresponding variable derivatives; K and K> are the sliding
mode gain coefficients; p is the disturbance variable; and sgn is
the sign function. The chattering problem in traditional sliding
mode control is caused by the sign function. However, STA
mitigates the chattering issue significantly by adding continu-
ous integral terms before the sign function and incorporating
higher-order derivatives. The sliding mode coefficient satisfies
the stability condition as follows:

(20)

5p1 K1 +4p3
Ky > K 2(K1—2p1)

{ K > 2#1
The boundary conditions of the disturbance term are satis-
fied:

{m<mumm @n

p2=0

The equation is as follows: 4 is a constant.
To accelerate the sliding mode convergence rate, the Fast
Super-Twisting algorithm is introduced, with its FASTA design
outlined as follows:
{ i1 = —Kile1"sgn(@1) + w2 + 7ilwi|9 (22)
ity = —Kosgn(x1) + 7221 + p

where 71 |z1]92; denotes the linear smoothing term, v; the
speed regulation factor of the smoothing term, and g the ad-
justment factor for accelerating the sliding mode reaching ve-
locity. The parameter -2 is designed to enhance system robust-
ness. The stability of the FASTA algorithm will be formally
proven in Proof 1. Moreover, to satisfy the speed performance
requirements of motors under various operating conditions, an
adaptive gain coefficient control law is proposed in this work.
The parameter design criteria are specified as follows:

Ky = mw?

Ky = /~L2W3/2

7 = pzw? @)
2 = puaw’/?

where p; > 0, w = W} /we.
To guarantee the stability of the proposed FASTA, the distur-
bance terms must satisfy the conditions specified in [24].

<A ﬁdq|1/2 + A2|gdq|

1]
p2 =20

24
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where \; > 0.

When the perturbation term satisfies the above equation, it
ensures that the FASTA algorithm is able to stabilize the con-
vergence to the sliding film surface, which leads to the conver-
gence of the system error to zero.

The conditions for sliding mode coefficients are discussed
in [25], and these coefficients must satisfy the following re-
quirements:

Ky >2)\
ME+EIA
Ko > max EEC TRl
(A3 K1)+ Ky —2(v1— A2 K
271 (71 —2A2)
Y1 > 22
[v1(v14+322)+573]
Y1—2A2 ’
Y2 > max K [%Kl(Kl + %)‘1)2(27% - %)‘271)]
+Ki [(gvf + %)\2’7%) pl] 1.2
2(p1— LK1 (K1+521)2) (S K1-21) 2
(25)

wherep1 = iK? + (% Kl — )\1) (2K2 + %K%)

The above K;, K1, 71, 2 conditions are satisfied, which
enables the FASTA algorithm to stabilize and converge in the
domain of convergence.

Proof 1: When FASTA is stable and the range of the param-
eter |i4q| is confined to a small interval, it is guaranteed that a
sufficiently large constant M; can be chosen as follows:

M [ M 3/2
A—<M>_<A@)w (26)
Substituting Eq. (21) into (19) yields:
lp1| < M1w3/2|idq|1/2 + M2W3/2|idq| 27)
p2 =0

Therefore, there exists a sufficiently large number p; and po
that ensure the stability of K and K.

(28)

K, = u1w2 > M = M1w2 + 3M2w3/2
Ky = paw®/? > My = 2Mw?3/? 4 5Mow?/?

Substituting K1 = pw?, Ko = paw?/? into \; = Mjw?/?
and \y = M,w?/? yields the stability of K and K.

Ky = piow®? > MAX (Qw3/ 2, Qw3/2) (29)
where
Q o )\1 (M1M1 + éMlz)
! p1 — 2M,
) (30)
Q= (,U2M1 + %M1M2)
y =

2p2(po — 2M>)
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Similarly, substituting K = ﬂlwz, Ky = y2w3/2, v = ,ugcu?’
and vo = puw?®/? into A} = Myw?/? and Ay = Myw?/? yields
the stability conditions for ; and s:

v = ,ugw?’ > MAX (ngg, Q4w3) (€2))
where
Qs = #1(%ul(#1+%M1)2(2#§*%#3M2)>
3 2(%#1—M1)(Qs—%u1(u1+éM1)2)
Qs = 1 Qs (§n3+3 Maps) 12 (32)
2(%#1—1\/[1)(Qs—%m(u1+%1\/f1)2) 273

Qs = $43 + papiz — 2ue My — SpuiMy

For given parameters 1, o, ps, M1, and Mo, such that py
satisfies:

72 = paeo®’? > MAX (Qaw®/2,Quo™’?) (33

Based on the aforementioned analysis, the adaptive algo-
rithm proposed in the literature is coupled with the motor speed
while ensuring system stability. This method effectively sup-
presses chattering across the entire speed range under varying
operating conditions.

The schematic diagram of the adaptive fast super-twisting
algorithm is shown in Figure 3.

[

K, Ky, 70,7

FIGURE 3. FASTA algorithm schematic.

Based on the adaptive mechanism in Eq. (19), a sliding sur-
face is constructed on the error between the reference model
and adjustable model.

(34

By incorporating the mathematical model of the PMSM, differ-
entiating Eq. (35) yields:
Pr (%q - %q)

Ly

2
5 ;g s Prf(: A ©r
(WT - Wr) (Zqu + 2dlq =+ fs (’Ld —+ Zq) + (Ls) >
R /s . 4 Uqg (. A R@f Ug
(o G i)+ 2 i) (T -

(i)

é= idiq + idiq — idiq —

(35)
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As demonstrated in Eq. (36), when the system state reaches
the sliding mode s = $ = 0, the output error between the refer-
ence model and adjustable model vanishes, and the rotor speed
estimated by MRAS converges to the actual value.

Combining the sliding mode surface and Eq. (3), the adaptive
mechanism based on FC-MRAS can be expressed as:

¢
Qe = Kl\5\0'55gn(§)—|—/(K25gn(§) + 728) dt+711517s (36)
0

The estimated rotor position can be obtained by integrating the
estimated motor speed.

(37

3.3. Improved Piecewise Saturation Function

In essence, using a discontinuous switching sign function
causes significant chattering. While adding a low-pass filter
can reduce chattering, it also introduces phase lag issues.
Therefore, replacing the sign function and eliminating the use
of the lowpass filter (LPF) are key to solving this problem.
To reduce the chattering caused by the switching function, a
buffer zone is added to the switching function. Here, a smooth
Sigmoid sine-type saturation function will be used.

The expression for the piecewise sine-type saturation func-
tion 1s:

-1 rx<c
Si(z)={ = —1 c<z<c (38)
1 T>c

Combining (38) and (40), we obtain:

t
e = K1 30954(3) + / (Sa(3) + 8)dt +al31%  (39)
0

f@)4
i Boundary layer N
I =05 u=0.5
——
I Boundary layer N
c=10 u=10
i

|

|
4,|
|

10l

|

|

|

|

|
|
-10 057 05
I
|
|
I

FIGURE 4. The curve of the improved sigmoid function.
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According to the analysis of literature [25] and Figure 4, it
can be concluded that the Sigmoid sine-type saturation func-
tion is smooth and continuous in the real number domain, and
it is linear at the zero-point position, effectively suppressing
chattering. The parameter u is used to adjust the slope near
the zero-point position: the larger the value is, the more os-
cillatory the curve becomes, making it resemble the sign func-
tion. The boundary factor c controls the thickness of the bound-
ary layer. The Sigmoid function is used within the boundary
layer, while the sign function is used outside the boundary layer.
A larger boundary layer improves chattering suppression but
slows down the dynamic response, whereas a smaller boundary
layer increases dynamic response speed but reduces chattering
suppression. Therefore, selecting appropriate values for v and ¢
is crucial for balancing control accuracy and dynamic response
speed in the system.

The schematic diagram of the improved saturation function-
based FASTA-MRAS is shown in Figure 5.

iy,

u d' .| Reference Model

— > Eq.(10)

U,

._v»

1

— /7

Y .| Adjustable Model

g Eq.(12)
Q [«

FASTA
Eq.(41)

FIGURE 5. Based on the FASTA-FC-MRAS structural diagram.

3.4. Parameter Optimization Design

From the analysis in the previous section, it can be concluded
that the parameters 7, u, and ¢ have a decisive impact on the
chattering suppression characteristics and dynamic response
performance of the FASTA algorithm. To obtain the optimal
parameter combination, this section conducts comparative ex-
periments to study the effects of different parameter combina-

T T T T T T T T
—n=2 | |
n=5
—n=10
—n=20
— =30

0.8

0.6 -

Error

04 |

02

0.0 -

Time/s

FIGURE 6. Convergence error under different 7.
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FIGURE 7. The effect of different v and ¢ on speed and current.

tions on the motor speed and i,, current. In this section, com-
parative experiments will be conducted to investigate the effect
of different parameter combinations on the performance of the
system.

In control systems, the parameter 7 has a significant impact
on the error convergence and stability of the system. As shown
in Figure 6, when 7 = 2 or 10, the system response is relatively
sluggish, with slower error convergence, and the system may
require a longer time to reach a steady state. However, as 7 in-
creases, the system begins to converge more rapidly, with errors
diminishing faster and dynamic responses becoming quicker.
Notably, when 7 = 10, the system demonstrates optimal con-
vergence speed and stability, indicating that under this ideal
7 value, the system can rapidly reduce errors while avoiding
overshoot and oscillation. Nevertheless, when 7 continues to
increase, the convergence rate begins to slow down, accompa-
nied by a rise in steady-state error. This indicates that exces-
sively large 7 values may lead to overcompensation, thereby
compromising system stability. Therefore, the rational selec-
tion of 1 must strike a balance among error convergence speed,
system stability, and response characteristics. Therefore, = 3
is an ideal choice of parameter to ensure fast convergence while
keeping the system stable.

Figure 7(a) shows a comparison of the speed waveforms cor-
responding to different values of u while keeping ¢ = 2 con-
stant. The experimental results indicate that as the value of u
increases from 0.5 to 2, 5, and 10, the speed fluctuation am-
plitude initially decreases and then increases, showing a non-
linear trend. When v = 2, the minimum speed fluctuation
is achieved, with n = 1r/min, proving that this parameter
effectively suppresses the chattering caused by discontinuous
switching functions. It is noteworthy that when u exceeds the
critical value of 5, significant high-frequency chattering occurs.

In Figure 7(b), keeping v = 2 constant, comparative experi-
ments are conducted with ¢ = 0.5, 2, 5, and 10 to observe the
total harmonic distortion (THD) of the current. When ¢ = 2,
the current THD remains at a minimum of 3%. This indicates
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that as ¢ continues to increase, the current THD also increases.

In conclusion, when w is too large, the slope becomes
smaller; the system responds more slowly; and thus, system
oscillations are triggered. When c is too large, the boundary
layer becomes thicker, which slows down the dynamic re-
sponse and leads to current distortion. Using v = 2and c = 5
results in better dynamic response for the FASTA-FC-MRAS.

4. EXPERIMENTAL VERIFICATION AND ANALYSIS

The experimental test platform for the PMSM sensorless
control algorithm is shown in Figure 8. It primarily con-
sists of the following components: a main control chip
STM32G431CBU6, an inverter, a host computer, an oscillo-
scope, a PMSM, and a magnetic powder brake serving as the
load. To validate the effectiveness of the proposed control
algorithm, a simulation model of the algorithm was developed
in MATLAB/Simulink. The generated code was then deployed
to the ARM control board for verification. Real-time monitor-

C: DC power supply

e outPUT @
i { Tension controller s

FIGURE 8. Experimental setup of the motor test platform.
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TABLE 1. PMSM parameters.

Parameter Symbol Values
DC-link voltage Uge 24V
Pole Pairs P, 5
Stator Resistance R 0.1763 Q2
Stator inductance L 0.195185 mH
Flux linkage Yy 0.0109 Wb
Motion inertia J 0.001 kg-m*
Rated speed w 2000 r/min

ing of the PMSM operating status was achieved through the
oscilloscope.

In this study, the focus lies on investigating the chatter-
ing suppression effectiveness and dynamic response speed un-
der different control strategies. Experimental comparisons
were conducted among MRAS, STA-MRAS, and FASTA-FC-
MRAS to observe motor speed and current under the three con-
trol algorithms across various operating conditions. The block
diagram of the PMSM sensorless vector control system pro-
posed in this work is illustrated in Figure 9. The PMSM pa-
rameters of the experimental platform and the configured ex-
perimental settings are detailed in Table 1 and Table 2, respec-
tively.
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>
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FIGURE 9. FASTA-FC-MRAS-based sensorless control block dia-
gram.

From the analysis in Table 3 regarding the perfor-
mance of MRAS, STA-MRAS, and FASTA-FC-MRAS
in STM32FG431CBUS6, although FASTA-FC-MRAS exhibits
higher raw computational complexity than MRAS and STA-
MRAS, it achieves a 20% reduction in redundant computations
through mixed-precision computation.

4.1. Performance Analysis of Rotational Speed Chattering Sup-
pression

Due to the significant speed fluctuations observed with the
MRAS control strategy at low speeds, a comprehensive eval-
uation of its speed performance was conducted. The motor
was set to run at a constant speed of 1000 rpm for a period,
then increased to 1800 rpm and maintained for a period before
being reduced back to 1200 rpm. The speed and current re-
sponse performance of MRAS, STA-MRAS, and FASTA-FC-
MRAS were compared through experiments. The speed varia-
tion curves are shown in Figures 10(a), (b), and (c).
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TABLE 2. Experimental parameter settings.

Parameter Values
U 2
c 2
Current PI controller (K},) 130
Current PI controller (K;) 290
Speed PI controller (K ) 0.08
Speed PI controller (K;) 8
n 10
g 0.5
M1 50
2 20
M3 150
1L 200

As shown in Figure 10(a), the MRAS exhibits pronounced
speed fluctuations within the 1200-1800 rpm range, with a
speed fluctuation amplitude of 15.5 rpm at 1200 rpm, which de-
creases to 1200 rpm at 1800 rpm. This result clearly demon-
strates the inadequate chattering suppression capability of the
MRAS method under low-speed operating conditions.

In Figure 10(b), the STA-MRAS control strategy incorpo-
rating the Super-Twisting Algorithm (STA) achieves reduced
speed fluctuations of 4.3 rpm at 1200 rpm, further declining to
4.5rpm at 1800 rpm. Although the continuous integral term
in STA enhances chattering suppression and thereby mitigates
speed oscillations, residual chattering persists due to the inher-
ent discontinuous switching function.

As illustrated in Figure 10(c), the FASTA-FC-MRAS control
strategy, which integrates a Fast Super-Twisting Algorithm,
significantly reduces speed fluctuations to approximately
3.5 rpm through an optimized saturation function. This repre-
sents a 50% improvement in chattering suppression compared
to STA-MRAS. The enhanced strategy markedly diminishes
speed oscillations in the model reference adaptive system.

Under a constant speed of 1800 rpm, a 1 Nm load was ap-
plied, and the speed fluctuations of MRAS, STA-MRAS, and
FASTA-FC-MRAS were observed, as shown in Figures 11(a),
(b), and (c), respectively.

After the load increase, the speed of the MRAS system
dropped to 1746 rpm, then recovered to the set speed, with a
fluctuation amplitude of 11.2 rpm. In contrast, the STA-MRAS
system, after the load increase, experienced a speed drop to
1766 rpm and subsequently recovered to the set speed, with
a fluctuation amplitude of only 3.8 rpm. Further analysis re-
veals that the FASTA-FC-MRAS system demonstrates superior
dynamic response characteristics during load changes, with a
smaller speed drop and a faster stabilization to the set speed,
significantly reducing the fluctuation amplitude to 3.6 rpm.

The motor is started under no-load conditions, and the speed
fluctuations of MRAS, STA-MRAS, and FASTA-FC-MRAS
are observed, as shown in Figures 12(a), (b), and (c), respec-
tively. As shown in Figure 12, the overshoot of MRAS and
STA-MRAS are relatively large, at 1826 rpm and 1820 rpm, re-
spectively, and the FASTA-FC-MRAS proposed in this paper
exhibits the smallest overshoot during direct startup, reaching a
peak speed of 1805 rpm, and the speed fluctuation in the steady-
state operation is 3.2 rpm.
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TABLE 3. Comparison of embedded implementations of three algorithms.

Control Strategy Algorithm occupancy (KB)  CPU Utilization (%) Q15-CPU Utilization (%)
MRAS 36.8KB 28% 25%
STA-MRAS 41.2KB 54% 48%
FASTA-FC-MRAS 43.3KB 72% 52%
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FIGURE 10. Speed variation curve during motor acceleration and decel- ~ FIGURE 11. Speed curve under load mutation. (a) MRAS, (b) STA-

eration. (a) MRAS, (b) STA-MRAS, (c) FASTA-FC-MRAS.

4.2. Current Stability Analysis

The motor operates at a constant speed of 1200 rpm, and after
2 seconds, a 1 Nm load is applied. The current fluctuations of
MRAS, STA-MRAS, and FASTA-FC-MRAS are observed.

As shown in Figure 13, FASTA-FC-MRAS exhibits the low-
est harmonic distortion rate, at only 16%. In contrast, MRAS,
due to the poor disturbance rejection capability of the PI con-
troller, exhibits the highest distortion rate. Although the cur-
rent chattering in STA-MRAS is reduced compared to MRAS,
its harmonic distortion rate remains high at 25%.

Figure 14 presents the comparison of phase A current under
the FC-MRAS and FASTA-FC-MRAS control strategies. It can
be observed that the distortion rates of FC-MRAS are higher,
reaching 38% when it is unloaded and 26% when it is loaded.
With the introduction of the FASTA algorithm, the harmonic
distortion rates are reduced to 26% and 13%, respectively.

MRAS, (c) FASTA-FC-MRAS.
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4.3. Voltage Stability Analysis

To analyze the d-axis voltage of the MRAS, STA-MRAS,
and FASTA-FC-MRAS control algorithms, the motor acceler-
ates from 1200 rpm to 1800 rpm, with the experimental results
shown in Figures 15(a), (b), (¢), (d), (¢), and (f).

Figures 15(a), (b), and (c) illustrate that at 1200 rpm, MRAS
exhibits the largest voltage fluctuations, with a peak g-axis volt-
age difference of 0.32 V. At 1800 rpm, the peak g-axis volt-
age difference decreases to 0.30 V. STA-MRAS shows a peak
g-axis voltage difference of 0.32V at 1200 rpm and 0.28 V at
1800 rpm. In comparison, FASTA-FC-MRAS exhibits smaller
voltage fluctuations, with a 59% reduction in voltage fluctu-
ation compared to MRAS and a 56% reduction compared to
STA-MRAS.

Furthermore, Figures 15(d), (e), and (f) demonstrate that
FASTA-FC-MRAS has a smaller d-axis voltage fluctuation
than MRAS and STA-MRAS.
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FIGURE 14. Phase A current of the motor during load increase. (a) FC-MRAS, (b) FASTA-FC-MRAS.

4.4. Dynamic Response Analysis

To compare the dynamic response speed of MRAS, STA-
MRAS, and FASTA-FC-MRAS control algorithms, the motor
starts at 1200 rpm and, after a period, accelerates to 1800 rpm.
The time required to accelerate from 1200 rpm to 1800 rpm is
analyzed, as shown in Figures 16(a), (b), and (c), respectively.
In Figure 16(a), MRAS exhibits a relatively fast current con-
vergence speed when the speed increases, reaching a stable
state after 0.5 seconds. In contrast, in Figure 16(b), the cur-
rent convergence in STA-MRAS is slower, stabilizing after 0.3
seconds. Figure 16(c) shows that FASTA-FC-MRAS has the

88

fastest convergence speed, completing the convergence in just
0.2 seconds.

The traditional PI adaptive mechanism has poor disturbance
rejection capability, leading to slower convergence speeds
when speed changes occur. As a result, MRAS has slower
convergence. The conventional second-order sliding mode
has a limited approaching speed to the sliding surface, which
causes a slight delay in current convergence when STA-MRAS
faces speed changes. In contrast, FASTA-FC-MRAS ac-
celerates the approach to the sliding surface by introducing
the fast super-twisting algorithm, thus improving the current
convergence speed during speed changes.
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4.5. Stability Analysis under Parameter Variation

In practical applications, the resistance of PMSM inevitably
varies due to environmental temperature factors. These mis-
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matches may lead to reduced accuracy in rotor position esti-
mation, thereby degrading overall system performance. There-
fore, this section selects stator resistance as the mismatched pa-
rameter for investigation. To meet the requirements of real-
world applications, resistance mismatches of R = 0.8 R, and
R = 1.2R, are employed for validation.

Figure 17 demonstrates the experimental comparisons
among MRAS, STA-MRAS, and FASTA-FC-MRAS under
model mismatch conditions, where the stator resistance varies
from R, to 0.8R, and 1.5R, during motor speed transitions
from 1200rpm to 1800rpm. As shown in Figure 17(a),
under parameter mismatch conditions, the speed fluctuation
of conventional MRAS increases from 15.7 rpm to 17.6 rpm,
indicating significant variations in speed oscillation. This
phenomenon stems from the inherent dependency of tradi-
tional MRAS on model parameters through its adjustable and
reference model configuration. In Figure 17(b), STA-MRAS
exhibits minor speed fluctuations ranging from 6.3 rpm to
6.5rpm. Notably, FASTA-FC-MRAS demonstrates speed
fluctuations between 6.4 rpm and 7.8 rpm when the resistance
varies from 0.8R; to 1.2R,. Compared with conventional
MRAS, the proposed scheme shows substantial improvement
in speed estimation performance under parameter mismatch
conditions. However, a discernible gap remains in speed
fluctuation suppression between the improved scheme and
STA-MRAS under parameter mismatches, which provides
clear optimization directions for subsequent research.
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4.6. Rotor Position Estimation Performance Analysis

With the motor maintaining a speed of 1800 rpm, the rotor esti-
mated positions under three different control methods are com-
pared. From Figures 18(a), (b), and (c), it can be seen that the
rotor estimated positions of the traditional MRAS and STA-
MRAS methods have a certain deviation from the actual posi-
tion, while the rotor estimated position of the proposed FASTA-
FC-MRAS control strategy has a smaller error and can reliably
follow the actual rotor position.

5. CONCLUSION

This paper proposes a control method integrating the FASTA
with the MRAS for sensorless control of PMSM. First, a feed-
forward compensation term is introduced into the conventional
MRAS, and an adaptive rate for tracking speed variations is
integrated to minimize speed errors and enhance decoupling
between the adjustable and reference models. Additionally, a
fast super-twisting sliding mode algorithm with an exponen-
tial acceleration term is proposed to replace the PI controller
in MRAS, thereby improving the system convergence speed
while guaranteeing stability. Experimental comparisons with
MRAS, STA-MRAS, and FASTA-FC-MRAS demonstrate that
the proposed method reduces rotational speed fluctuations by
76% and 45%, improves current convergence speed by 60%
and 34%, and exhibits superior dynamic response compared to
traditional MRAS and STA-MRAS. These findings hold signif-
icant reference value for practical engineering applications, and
the strategy is expected to be applied in industrial automation
and robotics.

Future research will focus on the following two aspects: 1)
simplify the algorithmic model and reduce the amount of al-
gorithmic computation, and 2) improve the performance of the
observer to make it suitable for low-speed motors.
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FIGURE 18. Comparison of rotor estimated position and actual position.
(a) MRAS, (b) STA-MRAS, (c) FASTA-FC-MRAS.
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