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ABSTRACT Attaining precise and dynamic speed control is pivotal for the efficient sensorless operation
of permanent magnet synchronous motors. Addressing the challenge of parameter mismatch within the
cascaded control structure of these motors, which results in diminished dynamic performance and increased
static deviation, this paper introduces a speed-current single-loop control method for permanent magnet
synchronous motors based on non-singular terminal sliding mode control. To begin, a second-order
mathematical model of the motor under parameter disturbances is analyzed and derived. To suppress system
disturbances arising from parameter mismatches, a cascaded extended state observer is established. A ultra-
local model of the motor is then derived based on the mathematical model, and an adaptive non-singular fast
terminal sliding mode controller is designed. The proposed method aims to optimize dynamic performance,
steady-state accuracy, and system robustness. Finally, a rigorous stability analysis has been conducted for
the proposed composite strategy. The feasibility and effectiveness of this approach are verified through
comparative experiments with PID and sliding mode control (SMC).

INDEX TERMS Speed-current single-loop control, adaptive non-singular fast terminal sliding mode

controller, permanent magnet synchronous motor, cascade extended state observer.

I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) are widely
used in aerospace, defense, and electric vehicles due to
their high power density, torque output, and broad speed
range [1], [2], [3]. The integration of sensorless control
in PMSM drives has garnered significant attention as it
eliminates the need for position sensors, leading to cost
reduction, improved reliability, and enhanced robustness.
Consequently, sensorless control techniques have become a
prominent research focus in electric propulsion systems [4].
Sensorless control of permanent magnet synchronous
motor (PMSM) employs different methods to acquire
rotor position information based on the operating speed.
At low speeds, the convex polarity of the rotor enables
high-frequency injection for position estimation [5], [6].
At high speeds, mathematical models and observers such as
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sliding mode observer, model-referenced adaptive observer,
and flux observer are utilized for rotor position estimation [7],
[8], [9]. Traditional sensorless control approaches often rely
on PID control in the speed and current loops. However,
due to the nonlinearity, strong coupling, and time-varying
parameters of PMSM drive systems, PID control may not
guarantee satisfactory dynamic performance [10]. On the
other hand, model predictive control (MPC) offers sim-
plified modeling and robustness but requires significant
computational resources [11]. In recent years, higher-order
non-singular terminal sliding mode control has gained
attention for its desirable features, including fast convergence
even when the system state is far from the origin, global
convergence, and insensitivity to parameter variations and
disturbances [12].

In recent years, there has been a growing interest
in non-cascaded control strategies for permanent magnet
synchronous motor drive systems, aiming to reduce the
control cycle difference between the speed and current loops
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and eliminate the cascade structure. These non-cascaded
approaches offer advantages such as simplified control
structure and direct speed control.

Several studies have explored non-cascade control meth-
ods for PMSM systems. For example, in [13], a non-cascaded
model-free predictive speed control method is proposed
using composite variables to build a ultra-local model. The
Lyapunov function ensures global convergence. Similarly,
in [14], a finite control set strategy is introduced for a dual
permanent magnet motor system using a non-cascaded struc-
ture to predict the reference voltage vector based on current
and speed information. In [15], a fuzzy non-cascaded speed
control scheme based on a virtual reference is proposed.
The scheme uses a fuzzy disturbance observer to estimate
the mismatched load torque and a novel virtual reference
planner for feedback compensation to ensure conservative
closed-loop stability. Furthermore, in [16], a control law is
developed from a sliding modal surface under a non-cascaded
structure, which establishes a ultra-local model and enhances
the system robustness. In [17], a speed-current single-loop
controller was designed for a PMSM drive system using a
nonlinear disturbance observer to estimate the disturbances.
Although the non-cascade control shows good promise for
PMSM systems, further improvements are needed to improve
the speed dynamic response and immunity to perturbations.

Anti-interference performance is a critical concern in
non-cascaded control structures for permanent magnet
synchronous motor systems. PMSM drive systems face
challenges such as unmodeled dynamics, time-varying
parameters, and torque variations, which hinder the establish-
ment of accurate mathematical models [18], [19]. To address
these challenges, various methods have been proposed for
disturbance observation, including the sliding mode observer,
disturbance observer, luenberger observer, and extended
state observer. However, each method has its limitations.
The sliding mode observer requires highly accurate model
parameters and is suitable for handling specific types of
disturbances [20]. The disturbance observer’s performance
relies heavily on the spectral characteristics of the disturbance
signal, making it less effective for complex or uncertain
disturbance signals [21]. The luenberger observer imposes
strict requirements on the system’s dynamic characteristics,
which may limit its performance in the presence of uncertain
or highly variable motor dynamics [22]. In contrast, the
extended state observer offers several advantages, including
reduced model dependence, faster response times, and
improved estimation accuracy. By incorporating information
about system dynamics and disturbances, the extended state
observer provides a more adaptable and robust approach
for handling disturbances in PMSM systems. In summary,
the extended state observer shows promise in enhancing
the anti-interference performance of non-cascaded control
structures in PMSM systems. Its ability to handle unmodeled
dynamics and disturbances more effectively contributes to
improved system performance and stability.
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Speed dynamic response is a key aspect of non-cascade
control in permanent magnet synchronous motor (PMSM)
systems. In [23], a single-loop speed-current control strategy
is presented, employing continuous integral terminal sliding
mode control and a perturbation observer. This approach
adopts a non-cascaded structure and develops a nonlinear
motor model that considers superimposed perturbations.
By introducing a virtual control component, a continuous
integral sliding mode controller is designed to achieve global
asymptotic stability based on the Lyapunov criterion. In [24],
a backstepping non-vectorized terminal sliding mode control
technique with a finite-time disturbance observer is utilized.
Furthermore, in [25], a new non-vector fast terminal sliding
mode control algorithm called NFTSM is proposed. NFTSM
demonstrates faster response, no overshoot, improved inter-
ference immunity, and reduced jitter.

This paper presents a novel approach for the control
of surface-mounted permanent magnet synchronous motor
(SPMSM) drives, with a particular focus on achieving
high-speed dynamic performance and robustness. The main
innovative contributions of this research are as follows:

1) Based on the premise of a ultra-local model, a novel
adaptive high-order non-singular terminal sliding mode
controller is designed. Operating within a non-cascade
control structure, this controller can effectively regulate both
speed and current. It significantly reduces speed errors and
enhances the response speed and robustness of the SPMSM
drive system, even in the presence of uncertainties and
variations.

2) Introduced is a cascaded extended state observer for
real-time disturbance handling. This observer accurately
observes and compensates for disturbances, effectively
suppressing harmonics and further enhancing the system’s
performance and stability.

3) Experimental Validation: Extensive experimental tests
have been conducted to validate the effectiveness of the
proposed method. The experimental results demonstrate
significant improvements in speed dynamic performance and
robustness, highlighting the practical applicability of the
approach.

In summary, this research offers a novel non-cascade
control method for SPMSM drives, incorporating an adaptive
non-singular terminal sliding mode controller and a cascaded
expansion state observer. The experimental validation con-
firms the effectiveness of the proposed approach in achieving
superior speed dynamic performance and robustness.

II. PRINCIPLE ANALYSIS OF PERMANENT MAGNET
SYNCHRONOUS MOTORS
A. SPEED ESTIMATION SCHEME BASED ON QPLL

The expression of the flux of the permanent magnet in the
stationary coordinate system is:

n(x1) = Yycosb,

n(X2) = Yrsinde M
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FIGURE 1. Basic principle diagram of QPLL.

where 71, 7, are the flux under the « and B axes, and 6, is the
electrical angle of the motor, respectively.

Let’s take a closer look at the fundamental principle of the
Q-PLL. Using the flux observer as an illustration, the QPLL is
designed to extract the positional information encoded within
the phase of the rotor flux. The angular error is computed
using the formula:

Ab, = n(fcz)cosée — n()?l)sinée
= l/ffsineecosée — l/ffsinégcosée
= Yysin(0c — be)
~ O — e @
The angular error is processed through the PI loop

to calculate the angular velocity, represented as w,. The
expression is given by the equation:

0=k 80+ [ ki 20, 3

The basic schematic of the QPLL is shown in figure 1. The
scheme takes the estimated rotor flux as input. In the figure 1,
ksp, ksi are the proportional gain, the integral gain, and finally
the error of the electrical angle obtained from the QPLL can
be made to converge to 0.

B. MATHEMATICAL MODELLING OF PERMANENT
MAGNET SYNCHRONOUS MOTORS

Mechanical equations of motion for permanent magnet
synchronous motors:

dee

£~ 1, ~ T, — Bo,
; 4)
T, = 2oV,

2 q
where, w, is the speed of the motor; v is the flux of the
motor; T, is the electromagnetic torque; 77, is the load torque;
B is the viscous coefficient; J is the rotational inertia; n, is the
pole pair number; and i is the g-axis current.

In the dg coordinate system with synchronous speed
rotation, the dynamic equation of the PMSM drive system
current is:

dig R; . + q i+ 1

— = ——ig+ —weig + —u

d.t Ly ¢ Lq o Ly ¢ 3)
dig R . Ly ; Ui+ —u

— = ——ly — —Welg — —WeYr + —

i~ L L, L, L,

24490

where, R; is the motor resistance, Ly and L, is the motor
g-axis inductance, and g-axis inductanceand, respectively;
and uy and u, is d-axis stator voltage and g-axis stator
voltage, respectively; and iy is the d-axis current.

The traditional approach in PMSM drive systems relies
on a cascade control strategy using linear controllers with
different bandwidths for the speed and current loops.
However, this method faces challenges due to unmodeled
dynamics, parameter uncertainties, and nonlinearity within
the system. To address these limitations and improve dynamic
performance, a non-cascade control method has emerged,
enabling synchronous control of speed and current.

C. SECOND-ORDER MODEL OF A PERMANENT MAGNET
SYNCHRONOUS MOTOR
Redesigning equation (4) (5) yields:

Q)

we = aig — aly, — ajwe

;q = Bug — ba)elﬁf — biig + brwely
where, o = 3npYr/2J,a=1/J,a1 =B/J, B =1/Ls, b =
1/Ly, by = Ry/Ly, b = —Ly/Ly. When the perturbation of
motor parameter variation is considered, the above equation
can be written as:

we = (@ + Aa)ig — (a+ Aa)Ty — (a1 + Aapw,
ig = (B+ ABuy — (b + Ab)wyr — (b1 + Aby)ig
+ (b2 + Ab2)weiq
(N
where A«, Aa, Aay, AB, Ab, Aby and Ab; are perturbation
terms caused by theparameter variations. Subsequently,

demonstrating equation (7) as a second-order system, it can
be simplified using the ultra-local model [26] as follows:

[ @e = aiy +fi
iy = Buy +f2
fi=aliy— Ai:;) —(a+ Aa)TL — (a1 + Aap)we + Aaiy
fo = Blug— Aug)—(b+Ab)wYrr — (b1 + Aby)ig
+(b2 + Aby)w,ig + ABuy

®)

©))

where, fi and f> represent the unmodelled dynamics,
unknown perturbations, and uncertainties associated with
the mechanical part and g-axis of the PMSM drive system,
respectively.

According to equations (8) (9):

e = a(Bus + )+ fi (10)
Ill. DESIGN OF THE CONTROLLER

A. SYSTEM DESIGN
The state variable that defines the velocity error is as follows:

Xl =e=w, — (11)

where, o] represents the reference rotational speed value.
Define the derivative of the rotational speed as x; satisfying:

VOLUME 12, 2024
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FIGURE 2. Cascaded extended state observer for observing f;.

X» = X1, According to equation (10), the second-order model
of the PMSM can be expressed as:

X1 =x2+fi
Xy = —aBug + fo (12)
Yy =X

By defining X; = x; and X, = x; + fi, equation (12) can be
written as:

xﬂ = X2
X = —aBug +fi +f (13)
y=1Xxi

B. DESIGN AND STABILITY ANALYSIS OF CESO

In order to enhance the immunity performance of the servo
system in the permanent magnet synchronous motor, the
cascaded extended state observer (CESO) is introduced to
estimate the aggregate perturbations f; and f> as mentioned
in equation (13). To ensure accurate observation of fi, a two-
stage cascaded linear CESO is specifically designed in the
following form:

[e1=21—-21
21 =aig+ 22+ e

22 = bhe
e =851 — 31 (14)
S1=uaig+s2+Ber+ 2
§y = lgep
lfi=2+5

where z; and s represent the estimated rotational speeds of
ESO1 and ESO2, respectively. Likewise, z and s» denote
the estimated disturbances of ESO1 and ESO2, respectively.
Furthermore, [j, I, I3, and l4 are the observer gains. The
specific block diagram of the cascade extended state observer
for observing fj is depicted in figure 2.

To achieve accurate observation of f;, the second-order
linear ESO is designed in the following form:

| €] = X1 —)’51

X1 = Bug +x2 +mye;

X = me]

e2=1n—1 (15)
N1 = Bug +n2 +mzex +x2

1 = mae;

h=x2+m
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where x1 and 11 represent the estimated currents of ESO1 and
ESO2, respectively. Similarly, x, and 1, denote the estimated
disturbances of ESO1 and ESO2, respectively. Additionally,
my, mp, m3, and my are the observer gains. The specific block
diagram of the cascade extended state observer for observing
/> is depicted in figure 3.

Theorem 1: the perturbations of the system and their
derivatives estimated by the cascaded extended state
observers (14) and (15) are ultimately uniformly bounded.

Proof: we will now demonstrate the stability of the
chosen cascaded extended state observer (15) through the
following proof.

Let ejj = e;, where i or j = 1, 2. The error equation for
the second-order ESO1, which is used to observe f>, can be
derived as follows.

el = e —mieqy (16)
ern =h—meqy

where e be the estimation error associated with the
perturbation x;. It can be expressed as follows:

é1p =my — iy (17)

lety; = eli/a)(’.)*l, i = 1, 2, which follows from equation (16):

Yy = woHy + hK /wo (18)
n =21 10
where, y = " ,H_|:_10],K_|:1

Since both eigenvalues of H are —1, we can conclude that
H is Hurwitz stable. As a result, there exists a unique positive
definite matrix P such that:

H'P+PH = —1I (19)
L _1
where, P = |: 2, 32i|
The Lyapunov function is chosen as: V(y) = y* Py, then,
V) =7y"Py +y Py = —wnlly|> + 205 'y PKR (20)

Since 4 is globally Lipschitz with respect to x, that is, there
exists a constant ¢ such that 2 < ¢|||lx — zy;|||| for all x, zy;,
we can deduce the following relationship:

2wy yTPKR < 2¢wy 'y TPK ||x — 24| 1)

when wy > 1, we can observe that walllx —zill =
wal lle1ill < |1y |l. Therefore, we have the inequality:

2wy 'yTPKR < pllyI? (22)

where, p = ||PK¢||> + 1, by substituting equation (22) into
equation (21), we obtain:

V(y) < —(wo — p)llpll? (23)

When wq > p, it follows that V(y) < 0. The same applies to
e»;. Thus, we can conclude that

lim e; =0 4)

1—>0o0

where, i,j = 1,2
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FIGURE 3. Cascaded extended state observer for observing f,.

Based on the aforementioned analysis, it can be con-
cluded that Lyapunov’s asymptotic stability theorem holds,
indicating the convergence of the cascaded extended state
observer (CESO). Additionally, as the system reaches a
steady state, the right-hand term of equation (16) converges
to 0. Therefore, it can be inferred that:

h
€1 = ;;‘
2, (25)
el =m—
my

The observations in equation (24) demonstrate that the
steady-state error is sufficiently small when the value of m;
is significantly greater than A.

In this paper, the pole placement technique is used for
the gain design of a second-order LESO, based on the pole
placement technique, to achieve desired closed-loop system
performance:

my = 2wt
my = 2(0321 26)
m3 = 2w
my = 2w7y

In the given equation, w1 and we» represent the
bandwidths of the second-order LESO for estimating xp
and 7, respectively. It is worth noting that, with reference
to the rule of thumb in [27], the CESO studied in this
paper, in order to estimate signals contaminated by high-
frequency noise, ESO1 chooses lower observer bandwidths
to prevent noise from being over-amplified. Meanwhile,
in order to estimate the signal less affected by noise, ESO2
chooses a higher observer bandwidth to maintain a higher
tracking capability. Meanwhile, after several tests in the
experiment, They are subject to the condition 2wz =
we2. The use of cascaded ESO in this context offers
several advantages. It not only enables the estimation of
X2, 2, and the aggregate disturbance f> based on measured
signals, but also enhances the observation of disturbances
and suppresses the amplification of noise measurements
compared to conventional ESO.

In summary, the above sections cover the observer
design and stability analysis for the aggregate perturbation
f>. The same procedure can be applied to the aggregate
perturbation f;, and the corresponding observer gain is

24492

as follows:
I = 2wer1
2
b = 2w, 27)
I3 =2we12
ls = 20,

where w.11 and w.1» represent the bandwidths of the
second-order LESO for estimating z» and s» respectively.
These bandwidths satisfy the condition 2w.11 = wc12.

C. DESIGN OF A COMPOSITE SINGLE-LOOP ANFTSMC
CONTROLLER BASED ON ULTRA-LOCAL MODEL AND
ITS STABILITY ANALYSIS
Considering the effects of parameter uptake and unknown
perturbations, in order to achieve high-performance control
of SPMSM, accelerate the speed transient response, and
improve the steady state control accuracy, an ANFTSMC
speed controller is designed in this section by changing
the coefficients affecting the jitter term of the NFTSMC
adaptively with the speed error. It can effectively reduce jitter
and achieve fast convergence.

In accordance with equation (10), the composite
single-loop controller can be designed as follows:

ut = _fl —afy + @ + ue
q ap
where u, represents the controller output.
Let sigP(e) = sign(x) Ix|?, the selection of a new sliding
mode surface can be described as follows:

(28)

o = e+ ajsighl(e) + a sigh(é) (29)

wherea; > 0,a2 > 0,1 < by < 2,and b; > by.
The derivation of equation (29) is as follows:

G =¢+aiby e/’ e+ arby e e (30)

After selecting the NFTSM surface described by
equation (29), to ensure that the state variables remain on
the slip mode surface o = 0, the equivalent control law u, is
derived from the condition & = 0 as:

1 . 1.
ue = ——le|" ™ @+ aibi e/ " &) 31)
agbz
To facilitate the rapid convergence of the state variables to the
NFTSM surface, the switching control law ug,, is designed as
follows:

Uy = —kjo — kp sigé(o) (32)

where k; and k> are positive gain constants, to be further
discussed later. The jitter effect is suppressed by selecting
the value of g such that 0 < g < 1, allowing the system
state to smoothly approximate the dynamic sliding surface.
It is important to note that a larger value of g leads to
smoother switching forces, but at the expense of reduced
system robustness.
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To address the influence of k; on the jitter of ug,
we introduce an adaptive parameter k; for ky with the value:

ks = ko + (kamar — ko)tanh(ks |0} — we|)  (33)

where k2,4, 1S the maximum gain, k; is the gain, and & is the
minimum gain.

To design the new model-free sliding mode control law
for the speed ring, we utilize the state equation (13), the
equivalent control law equation (31), and the switching
control law equation (32). This results in the following
expression:

Ue = Up + Usy 34

In order to assess the stability of the proposed control law,
we now proceed with the stability analysis. The proof of
asymptotic stability for the ANFTSMC controller is analyzed
as follows:

Proof: consider the following Lyapunov function for the
analysis:

Vi) = %(72 (35)

The first-order derivative of the Lyapunov function V(t) can
be obtained from equations (29) to (32) as follows:

V(i) =06
= o(—kjo — ky sgné(0))
= —kio? — ka|o'|® sign(o)
= —kjo? — kplo|$T!
<0 (36)

For the aforementioned equation, it holds true that 66 = 0
if and only if o (¢) = 0.

In conclusion, the equation (36) is constant and non-
positive. Hence, the designed convergence law satisfies
the sliding mode reachability condition, indicating the
asymptotic stability of the sliding mode controller.

The proof of local finite-time stability is as follows.

Theorem 2: If the Lyapunov function satisfies the given
inequality:

V(xX)+8Vx) +EVAx) <0 (37)

where § > 0,& > 0,and0 < )\ < 1.

When the system globally converges, the convergence time
to 0 is given by

1 V1A (xp)
t < l +1 38
Ty nl : ] (38)

Convergence in finite time is proven using theorem 2 and the
equations (35) and (36):

V < —alo> = blo|t™!
= —2qV — 2E&+D/2py(e+1)/2

<0 (39)
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So it can be written as:
V 4+ 2qV — 26+D/2py(e+D/2 <0 (40)

Based on theorem 2 and the initial value V(0) = V),
the convergence time can be bounded by the following
inequality:

T, < — 1+ @Y @
a(l —g) b

In summary, the permanent magnet synchronous motor

can achieve asymptotic convergence to a desired reference

position within a finite time using the control rate “Z' The

drive framework for the permanent magnet synchronous

motor based on the proposed strategy is illustrated in figure 4.

IV. EXPERIMENTAL VERIFICATION

In the experimental test, a PMSM (Permanent Magnet
Synchronous Motor) control platform with a floating-point
digital signal processor STM32FG474 as the control core
was adopted, and we utilized a pulse-width modulation
(PWM) technique with a carrier frequency of 10 kHz. The
experimental platform, as shown in figure 5, consists of a
200W permanent magnet synchronous motor, a hysteresis
dynamometer, a control board, a driver board, a host PC,
a power supply, a current clamp, and a motor performance
analyzer. Table 1 provides the motor parameters used in
the experimental tests. In this case, the specific model
information of the measurement equipment is shown in
Table 2.

A. EFFECT OF PARAMETERS ON EXPERIMENTS

In this section, the experimental setup will undergo an abrupt
change in speed from 500 RPM to 1500 RPM under no-load
conditions. The main objective is to observe the impact of
parameter changes on the results. The gain of the nonlinear
disturbance observer, A = 6 x 10°, and the parameters of the
phase-locked loop are adjusted as follows: kg, = 80000 and
ki = 1 x 10%. The current loop parameters are adjusted
as: kep = 0.24492, k; = 221. To analyze the effect of the
algorithm on the experiment, the control variable method is
implemented, where only one parameter is altered at a time.
The observer parameters used are as follows: w11 = 5,
wern = 10, weo1 = 500, weo = 1000, « = 7000,
B = 8000. By systematically varying one parameter while
keeping others constant, we can study the isolated impact
of each parameter on the overall system behavior during the
experiments.

1) Effect of ki: figure 6(a) - (d) displays the comparison
curves of rotational speed, d-axis current, q-axis current, and
g-axis voltage, respectively. In figure 6, the green dashed
line represents the experimental result for k1 = 60, the blue
dashed line represents the experimental result for k; = 130,
and the orange solid line represents the experimental result
for k1 = 200.

2) Effect of kj: figure 7(a) - (d) illustrates the comparison
curves of rotational speed, d-axis current, q-axis current, and

24493



IEEE Access

L. Chen et al.: Non-Cascaded Sensorless Control of SPMSM Based on Cascaded Extended State Observer

PWM1 |

PWM2|
L |SVPWMITs _+—
B 8 PWMA4 \l

PWMS

PWM6

FIGURE 5. Block diagram of the experimental setup.

g-axis voltage, respectively. In figure 7, the green dashed line
represents the experimental result for k; = 0.1, the blue
dashed line represents the experimental result for k; = 0.01,
and the orange solid line represents the experimental result
for k&, = 0.001.

3) Effect of w,11: figure 8(a) - (d) depicts the comparison
curves of rotational speed, d-axis current, gq-axis current, and
g-axis voltage, respectively. In figure 8, the green dashed line
represents the experimental result for w.1; = 2, the blue
dashed line represents the experimental result for w.11 = 35,
and the orange solid line represents the experimental result
for Well = 15.

4) Effect of w71 : figure 9(a) - (d) illustrates the comparison
curves of rotational speed, d-axis current, g-axis current, and
g-axis voltage, respectively. In figure 9, the green dashed line
represents the experimental result for w1 = 200, the blue
dashed line represents the experimental result for w1 = 500,
and the orange solid line represents the experimental result for
w1 = 800.

Based on the above results, we can draw the following
conclusions regarding the impact of different parameter
values on the system’s performance. Smaller values of k;

24494
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TABLE 1. Parameters of permanent magnet synchronous motor.

Parameters Value
Pole pairs 5
g-axis inductors(mH) 0.195185
d-axis inductors(mH) 0.195185
Stator resistance(£2) 0.35
Flux linkage (Wb) 0.0109
Rotor Moment of Inertia(kg.m? x 10~ 4) 0.58
Rated Torque(N.m) 1.27
Rated Output(kw) 0.2
Rated Speed(rpm/min) 1600
Rated Voltage(V) 24
Rated Current(A) 12.5

lead to faster voltage and speed tracking speed but may
cause overshooting and an increase in transient g-axis current
at the initial moment. On the other hand, larger values of
ko result in faster tracking speed and help suppress the
transient g-axis current at the initial moment. Increasing
the value of w.y; leads to a faster response; however,
it also results in a relatively large transient g-axis current
when the speed undergoes sudden changes. Additionally,
smaller values of w¢y1 allow the system to reach steady-state
faster, but they may also lead to overshooting. In summary,
these parameter values significantly impact the system’s
performance, influencing aspects such as speed tracking,
transient current behavior, and response speed.

B. COMPARISON EXPERIMENT

The effectiveness of the method is validated through com-
parative experiments involving the Cascaded Extended State
Observer-based Adaptive Non-singular Fast Sliding Mode
Controller (CO-ANFTSMC), PID, and SMC. The output of

VOLUME 12, 2024
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TABLE 2. Equipment model/specification.

Equipment Model/Specification
Infineon NTMFS5C430NL
MOSFET (40 V, 1.4 mQ, 200 A)
MOSEFET Driver IC TI DRV8302
Controller STM32FG474
. RIGOL DS1104Z Plus
Oscilloscope

(4-channel, 100MHz, 1GSa/s)
Weiheng Technology WH6501
Weiheng Technology ZC Series

MAISHENG MS-605D
Hantek CC65 AC/DC
PMSM
HN7J-060430D1KUAA

Motor Performance Analyzer
Hysteresis Graph Tester
Power Supply
Current Clamp

Motor Model
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FIGURE 6. Comparison curves for different k; values. (a) Speed response
results. (b) iy results. (c) iq response results. (d) uq response results.
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FIGURE 7. Comparison curves for different k, values. (a) Speed response
results. (b) iy results. (c) iq response results. (d) ug response results.

the SMC controller can be represented as follows:

2-* — 3”171//](
4 2J
+ qlc(w; — we) — @e) (42)

[c(—de) + msign(c(w) — we) — @e)]

The experimental parameters for CO-ANFTSMC, PID, and
SMC are designed as shown in Table 3, respectively.
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FIGURE 8. Comparison curves for different w.;; values. (a) Speed
response results. (b) iy results. (c) iq response results. (d) ug response
results.
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FIGURE 9. Comparison curves for different »,; values. (a) Speed
response results. (b) iy results. (c) iq response results. (d) ug response
results.

The parameters of the PI controller can be designed as:

k, = L/2T, ki = R/2T (43)
kep = 37 /(5Tazks), kei = 3J /(25T 5k;) (44)
ksp = 2Ly, ksi = @ (45)

where Tyo = T4 + 2T, T is the interrupt period, and k; is the
torque constant, ¢ is the damping coefficient, and w, is the
natural frequency.

The parameters in the SMC can be set as follows:

2J/BPu¥y) * qc = kep2J [BPniy) % (q + ) = ki (40)

Because a lot of simulation tests have been performed
in Matlab/simulink before doing the experiment. So the
parameter selection of CO-ANFTSMC please follow the
following rules:

The selection of the sliding mould surface parameters
directly affects the stability of the motor control system.
The a; and a, approximation parameters are selected to
confirm the system stability and then fine-tuned. al becomes
larger, leading to transient overshooting of the system, and
the current and torque are affected. al becomes smaller,
leading to slower speed response and longer time to reach
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TABLE 3. Experimental parameters for PI, SMC, CO-ANFTSMC.

PI SMC CO-ANFTSMC
kp=0.02 c=3 ay=2.5
k;i=0.365 q=320 a2=0.3

m=20 b1=1.5
bo=1.4
k1=130
k2=0.01
g=0.1
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FIGURE 10. Comparison curves with different controllers during the
start-up phase. (a) Speed response results. (b) iy results. (c) ig response
results. (d) ug response results.

the given values. In contrast to aj, a larger a, will result
in a slower speed response, while a smaller a; will result
in system oscillations and will not guarantee motor control
performance.

The choice of parameters for the NFTSM control law
affects the slip surface arrival time. Compared with the
traditional exponential convergence law, ki will speed up
the dynamic response and reach the given speed earlier, but
too high a speed will make the speed in the transient steady
state process serious jitter, current and torque waveforms are
distorted; and a small gain will make the speed response
time longer, affecting the dynamic response speed. Adjusting
the maximum and minimum values of k» at this point can
ameliorate this problem by accelerating convergence while
reducing jitter.

Although the parameters of SMC, PI, and CO-ANFTSMC
can be calculated by the above method, the coefficients need
to be adjusted according to the operation effect in the actual
debugging.

The experiments are divided into three groups. The first
group consists of comparison curves of the permanent magnet
synchronous motor during the starting stage. The second
group includes comparison curves under sudden increases
and decreases of rotational speed. Lastly, the third group
comprises comparison curves under sudden changes in load
during steady-state conditions.

1) Start-up phase: The reference speed is set to 500 r/min,
and the motor starts with no load. figure 10(a) - (d) show
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FIGURE 11. Speed comparison curves with different controllers under
sudden speed change.
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FIGURE 12. Comparison of speed error for different schemes under
speed command variation.

the speed, iy, iy, and u, response curves, respectively. It is
evident from Fig. 10 that CO-ANFTSMC achieves faster
speed tracking compared to PID and SMC. Moreover, the
d-axis current, g-axis current, and g-axis voltage exhibit
significantly smaller fluctuations under CO-ANFTSMC
control compared to PID and SMC control. Furthermore, CO-
ANFTSMC effectively mitigates the transient current at the
initial moment.

2) Sudden speed increase and decrease phases: The speed
response curves are displayed in figure 11, and concurrently,
the speed error curve is presented in figure 12. It can be
observed from figure 11 to figure 12 that CO-ANFTSMC
demonstrates a faster response and relatively smaller speed
fluctuations during sudden speed increases and decreases,
as compared to PID and SMC.

3) Sudden load torque phase: The speed response curve is
shown in figure 13 when the load undergoes a sudden change.
During loading, the torque changes from O to 1 N.m, and
during unloading, the torque changes from 1 N.m to 0. The
use of CO-ANFTSMC results in a quicker return of the PM
synchronous motor system to the steady state, compared to
PID and SMC.
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FIGURE 13. Speed comparison curves under different controllers for
sudden loading and unloading.
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FIGURE 14. THD analysis of PI's A phase stator current.

4) One current cycle of phase A is selected for harmonic
analysis. From the THD of phase A current in figure 14-16,
it can be seen that the THD of PI, NFTSMC, and
IST-NFTSMC are 75.66%, 58.08%, and 52.05%, respec-
tively. The comparative results indicate that CO-ANFTSMC
is more effective in suppressing harmonics other than the
fundamental, compared to PID and SMC.

In conclusion, CO-ANFTSMC shows excellent perfor-
mance in terms of anti-interference performance, dynamic
response and robustness compared to SMC and PID.
In addition, CO-ANFTSMC effectively suppresses transient
currents at the initial moment.
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FIGURE 15. THD analysis of SMC’s A phase stator current.
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FIGURE 16. THD analysis of CO-ANFTSMC's A phase stator current.

V. CONCLUSION
Aiming at the problem of dynamic performance degradation
and static deviation increase due to parameter mismatch in the
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cascade control structure of permanent magnet synchronous
motors, a CESO-based SPMSM speed-current single-loop
control method is proposed. By comparing the experiments
of PI and SMC under different working conditions and
analysing the experimental results, conclusions are drawn:

(1) The CESO-based ANFTSMC speed controller is
designed to restore the motor speed, current and torque to
the given values in a very short time under motor parameter
ingress and unknown perturbations, which improves the
response speed and robustness of the system; and, compared
with the PID and SMC controls, the d-axis current, g-axis
current and g-axis voltage fluctuations are significantly
smaller, effectively suppressing the transient current at
the initial moment; CESO is designed to feedback the
unknown part of external disturbances to the controller
for compensation and suppress the amplification of noise
measurements.

(2) Through the comprehensive comparison with PI and
SMC control algorithms, it is verified that the algorithm
still has high accuracy control performance under different
working conditions such as motor parameters and load
time-varying regimes, and weakens the system jitter and
strengthens the robustness of the system while guaranteeing
the system reliability and safety.

(3) The bandwidth of the controller is improved by using
the non-serial structure control method. In addition, due to
the large number of parameters, how to accurately design
the parameters theoretically and smoothly extend them to
engineering is a future work to be done.
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