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Abstract: An intelligent servo drive system for a permanent magnet-assisted synchronous reluctance
motor (PMASynRM) that can adapt to the control requirements considering the motor’s nonlinear and
time-varying natures is developed in this study. A recurrent wavelet fuzzy neural network (RWFNN)
with intelligent backstepping control is proposed to achieve this. In this study, first, a maximum
torque per ampere (MTPA) controlled PMASynRM servo drive is introduced. A lookup table (LUT)
is created, which is based on finite element analysis (FEA) results by using ANSYS Maxwell-2D
dynamic model to determine the current angle command of the MTPA. Next, a backstepping control
(BSC) system is created to accurately follow the desired position in the PMASynRM servo drive
system while maintaining robust control characteristics. However, designing an efficient BSC for
practical applications becomes challenging due to the lack of prior uncertainty information. To
overcome this challenge, this study introduces an RWFENN as an approximation for the BSC, aiming
to alleviate the limitations of the traditional BSC approach. An enhanced adaptive compensator is
also incorporated into the RWFNN to handle potential approximation errors effectively. In addition,
to ensure the stability of the RWFNN, the Lyapunov stability method is employed to develop online
learning algorithms for the RWFNN and to guarantee its asymptotic stability. The proposed intelligent
backstepping control with recurrent wavelet fuzzy neural network (IBSCRWFNN) demonstrates
remarkable effectiveness and robustness in controlling the PMASynRM servo drive, as evidenced by
the experimental results.

Keywords: permanent magnet-assisted synchronous reluctance motor (PMASynRM); maximum
torque per ampere (MTPA); finite element analysis (FEA); backstepping control (BSC); recurrent
wavelet fuzzy neural network (RWFNN); intelligent backstepping control recurrent wavelet fuzzy
neural network (IBSCRWFNN)

1. Introduction

The permanent magnet synchronous motor (PMSM) is an electric motor type that
has found extensive applications in diverse fields, including electric vehicles, industrial
automation, robotics, and aerospace plane [1,2]. Compared to conventional induction
motors, PMSM exhibits high efficiency exceeding 90%, resulting in substantial energy
savings. It also possesses a high magnetic field strength and low internal resistance,
enabling PMSM to achieve a higher power density and greater output power within a
relatively smaller volume. Moreover, PMSM offers excellent torque-speed performance
and sensitive current control ability, making it ideal for precision applications such as
automatic control systems [3-5]. Despite its advantages, rare-earth elements such as NdFeB
can be costly and raise concerns regarding the supply chain monopoly and trade wars.
Additionally, high-performance applications using PMSM face challenges such as operating
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at the region of flux-weakening control with large direct-axis current and the potential for
uncontrolled generator mode due to the flux linkages generated by permanent magnets
(PM). These drawbacks limit the potential benefits of PMSM and should be taken into
account when considering their use in specific applications. Hence, there is a need to
decrease the utilization of rare-earth PMs.

Due to their rapid dynamic response, wide speed range, affordability, and high effi-
ciency, the synchronous reluctance motor (SynRM) has gained significant popularity and is
now utilized in numerous applications. Unlike induction motors and PMSM, SynRM offers
inherent advantages by eliminating the need for permanent magnetic materials, cages, and
excitation windings. This not only enhances its robustness but also reduces its overall cost,
making it an attractive alternative [6-9]. However, SynRM has limited overload capability
compared to other types of motors, meaning that it may not be suitable for applications
that require high levels of torque for short periods of time. Based on the aforementioned
reasons, a relatively new machine, known as the permanent magnet-assisted synchronous
reluctance motor (PMASynRM), has been developed to address the challenges associated
with the scarcity of rare-earth PMs. One approach to mitigating these difficulties involves
reducing the amount of rare-earth PMs used in the rotor or replacing them with ferrite
magnets [10-13]. Maximum torque per ampere (MTPA) has been widely utilized as a con-
trol strategy in PMSMs and SynRMs control to maximize output torque [14-19]. In [17,18],
the MTPA control strategy has been implemented in the control of IPMSMs and SynRMs
to determine the ideal current angle for maximizing the output torque based on a given
stator current. Moreover, in [19], an MTPA control with nonlinear simultaneous equations
was derived from the Lagrange multiplier method, which could be solved by numerical
algorithms. The MTPA control technology enables the production of equivalent torque
with minimal current. It achieves this by identifying the ideal current angle that maximizes
output torque at a given stator current while also minimizing copper loss during the pro-
cess. However, PMASynRM has inherent drawbacks, such as nonlinear and time-varying
control characteristics, which make achieving high-performance servo applications and the
traditional MTPA quite challenging [20].

The backstepping control (BSC), despite its advantages in providing a recursive and
systematic design methodology for nonlinear feedback control, may encounter undesired
chattering phenomena due to the presence of a sign function. Several approaches, such
as adaptive control [21] and intelligent control [22], have been proposed for integration
with BSC to overcome this issue and enhance control performance. In [21], a PMSM drive
system was targeted, and an adaptive backstepping (ABS) control approach was introduced
as a solution. The purpose of this method is to achieve precise tracking responses by
utilizing the robustness properties of the ABS control. In [22], to overcome the limitations
posed by the nonlinear and time-varying control natures of a SynRM, a robust position
controller was devised for a SynRM servo drive system. This was achieved through the
introduction of an intelligent BSC approach, employing a recurrent feature selection fuzzy
neural network. In addition, to improve control performance and facilitate model-free
controller design, intelligent control methods, including fuzzy mechanisms, NNs, and
FNNs, have been widely used as universal approximators in various studies. Among
these, the FNN has been particularly popular due to its combined advantages of neural
networks and fuzzy logic and has been applied in various fields, such as photovoltaic
systems, robotics, and motor control [23-25]. In fact, the FNN’s robustness and convenience
have garnered attention for controlling permanent magnet linear synchronous motors [25].
Moreover, the recurrent neural network (RNN) is capable of mapping and storing temporal
information dynamically [26,27], utilizing time delays from earlier states, and approximate
information can be obtained from internal feedback states. This makes RFNN a better
option for dynamic performance than the pure feedforward FNN. Furthermore, the wavelet
transform is an influential and effective technique used for the analysis of intricate time-
varying signals. It offers numerous advantages and capabilities, making it a valuable tool
in signal processing [28], and has been extensively studied for its applications that combine
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the learning capabilities of artificial neural network (ANN) and wavelet decomposition.
Recently, researchers have proposed integrating wavelet functions into FNNS to create the
wavelet fuzzy neural network (WFNN) with the goal of improving adaptive and learning
capabilities for complex engineering problems [29]. By analyzing non-stationary signals to
identify local details, reducing data complexity and handling uncertainty through fuzzy
logic, and leveraging NNs’ self-learning characteristics to improve model accuracy, the
WENN is capable of describing nonlinear systems with uncertainties and possesses a fast
learning capability. Additionally, this study proposes an intelligent control system using
the capabilities of FNN, RNN, and WNN, where an online trained recurrent wavelet fuzzy
neural network (RWFNN) [30] is utilized to enhance control performance.

High-performance applications of PMASynRM are limited due to nonlinear and
time-varying control features. Therefore, the purpose of this article is to develop a high-
performance PMASynRM servo drive that simultaneously achieves robust position control
and high energy efficiency by using intelligent backstepping control recurrent wavelet
fuzzy neural network (IBSCRWFNN) control with MTPA. To address the issue of MTPA,
a Maxwell 2D simulation tool is employed in the design process of the PMASynRM.
Then, the optimal current angle command for MTPA control is subsequently analyzed
using finite element analysis (FEA), and apply the result by a lookup table (LUT) method
to ensure proper functionality. Moreover, the PMASynRM servo drive is controlled by
using the BSC to solve the presence of unavoidable uncertain system dynamics in the
PMASynRM servo drive system. However, the bound of lumped uncertainty in the BSC
is difficult to determine in real-life situations. To overcome this issue, the suggested
method involves approximating the BSC using the RWFNN. Furthermore, this research
incorporates an adaptive compensator to account for potential deviations resulting from the
approximation of the RWFNN. In addition, the utilization of the Lyapunov stability method
to generate online learning algorithms [22] for the IBSCRWFNN is proposed, ensuring
robust performance in position control. The rest of this study is organized as follows: in
Section 2, the focus will be on describing the modeling of the position servo drive system for
PMASynRM with MTPA control based on the results of FEA. In Section 3, the PMASynRM
servo drive is controlled by using the BSC to solve the presence of unavoidable uncertainties.
To overcome the difficulty of the BSC, the RWFNN is discussed in Section 4. In Section 5,
the Lyapunov stability method is proposed to generate online learning algorithms for the
IBSCRWENN. Section 6 will present the experimental results of the PI control, BSC, and
the proposed IBSCRWFNN control. Finally, the research findings are thoroughly discussed
in Section 7, presenting the conclusive remarks.

2. Modeling of PMASynRM Position Servo Drive System
2.1. Modeling of PMASynRM Servo Drive System

The stator voltage equations of PMASynRM in the d-q reference frame can be formu-
lated as follows:

. d

Vg = Rsig + E)‘d - we)\q 1)
. d

vg = Rsig + E/\,7 + weAy 2)

where R; is the stator resistance; v; and v, are the d-axis and g-axis voltage; iy and i, are
the d-axis and g-axis stator currents; A; and A, are the d-axis and g-axis flux linkages; we
is the rotor electrical angular velocity. Furthermore, the flux linkage equations in the d-g
reference frame are represented in the following;:

Ag = Lyig ®)

Ad = Lgig+ Ay 4)
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The equations above denote the d-axis and g-axis inductances as L; and L, respec-
tively, and A, as rotor PM flux. Neglecting magnetic saturation, the resulting electro-
magnetic torque in the d-q reference frame of PMASynRM can be represented by the
following equation:
3P
22
where P is the pole number. Both PMASynRM and PMSM have electromagnetic torque
consisting of reluctance torque and PM torque. However, in the case of PMASynRM, the
reluctance torque plays the main driving role owing to the substantial disparity between the
inductance values of the d-axis and g-axis inductances. The expression for the mechanical
dynamic equation of the PMASynRM is as follows:

Te [Amig + (Lg — Lg)igig] (5)

dw
TE:]T;+BC‘)?+TL (6)
] represents the inertia coefficient; B represents the damping coefficient; w; is the speed

response; Tp, represents the external load and friction torque.

2.2. PMASynRM Position Servo Drive System

The PMASynRM utilized in this study is a 4-pole, 36-slot motor with a power rating
of 4.5 kW, voltage rating of 214 V, current rating of 9.4 A, a rated speed of 1500 rpm, and a
maximum torque of 25 Nm. The mechanical designed parameters for the PMASynRM and
the specifications of the servo drive system are outlined in detail in Tables 1 and 2.

Table 1. Mechanical designed parameters of PMASynRM.

Parameters Values
Pole number 4 pole
Slot number 36 slot
Air gap length 0.3 mm
Rotor inner diameter 31 mm
Rotor outer diameter 94.4 mm
Stator inner diameter 95 mm
Stator outer diameter 160 mm
Stack length 150 mm

Table 2. Specifications of PMASynRM servo drive.

Parameters Values
Power rating 45 kW
Phase voltage rating 214V
Phase current rating 9.4 Arms (delta)
Speed rating 1500 rpm
Torque rating 25 Nm
d-axis inductance 19.6 mH
g-axis inductance 84.3 mH
Stator resistance 1.01 O
Inertia coefficient 0.0069 Nm/(rad /s?)
Damping coefficient 0.0013 Nm/(rad/s)
Magnetic flux 0.0854 Wb
DC-link 540 V
Sampling time of current/speed and position loop 0.1 ms/1ms
Switching frequency 20 kHz

Encoder

2500 counts/turn
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A typical PMASynRM position servo drive with coordinate transformation includes
proportional position control, PI speed control, LUT for current angle, and PI current
controllers, as illustrated in Figure 1. 6; is the position command; 6, is the position
response; 0, is the rotor electrical position; w; is the speed command. The d-q axis current
commands are represented by i; and i; respectively. The three-phase currents are denoted
by ia, ip, and i.. Similarly, the d-q axis voltage commands are represented by vj; and v,
respectively. By utilizing Hall current sensors with a transformation ratio of 1 V/6.67 A
with an analog-to-digital converter (ADC), it is very effective to measure the three-phase
currents. By implementing the space vector pulse width modulation (SVPWM) technique,
control of the voltage source inverter (VSI) can be achieved. The VSI operates at a switching
frequency of 20 kHz. Moreover, the VSI employs a silicon carbide (SiC) power MOSFET,
which has a voltage rating of 900 V and a current rating of 36 A. Furthermore, using a
load driver in torque control mode to control an industrial PMSM as the load for the
PMASynRM, the performance of the position servo drive system for the PMASynRM is
evaluated. In addition, a torque meter is connected to measure the torque output. The QEP
interface is used to connect the encoder to the DSP, as illustrated in Figure 1.

I DSP TMS320F28075 Software/Code Composer Studio v6.2 I Hardware ——l
3¢ 220V
Speed Current Coordinate
Controller Controller Transformation B
. o, (Lylg + 4,) _
9: + (/f + E H i * v, v, V‘
ey 1 r H 94~ & ] a a
a O——HFTH b A A =
o ® o i V; V;, —3—»\/ SVPWM [
| d 4 4+ a —>|
r i = ||q|tan(,6) —>Q——| Pl :( P abc <> =
|| d/dt .
_________________ —o,L,

MAXWELL-2D FEA

Current Angle LUT

-

da /T—aB /% i
4 | /e Aoe = s
. . af e/ anc [« < &

q

: Id :
o | N 3 Meter
S | s | = '(id)z+(i )z —_° Coordinate &
o s il I 2 Transformation Encoder (" PMa
SynRM,
9{

Figure 1. PI Controlled PMASynRM position servo drive.

2.3. Speed and Position Controllers Design

The speed and position controllers discussed in this article utilize PI controllers. These
controllers are designed based on the controlled plants” small signal models. The speed
controller depicted in Figure 2, where s is the Laplace operator, assumes ideal conditions
where T; = 0 and sets i; = —5A. By referring to Equations (7) and (8), as well as Table 2,
the torque constant can be deduced as K; = 1.2267.

T, = Kyi @)

3P
22

Moreover, the bode diagrams of the speed-controlled plant and the loop gain are
shown in Figure 3. The design requirements for the speed controller include a desired
bandwidth (BW) f = 20 Hz and phase margin (PM) ¢, = 70°. The graphical representation
in Figure 3 reveals that the controlled plant necessitates compensation of —3.01 dB and
—20.1°. The obtained result of the PI speed controller is

K; [Am + (Lg — Lg)i}] (8)

30.5385

K
Kp + ?1 = 0.664 + )
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where Kp is a proportional gain; K; is an integral gain; s is the Laplace operator. Further-
more, the position controller depicted in Figure 4 utilizes a proportional controller Kpp. In
addition, the bode diagrams of the position-controlled plant and the loop gain are shown
in Figure 5. The design requirements for the speed controller include a desired bandwidth
(BW) f =2 Hz and phase margin (PM) ¢, = 70°. The graphical representation in Figure 5
reveals that the controlled plant necessitates compensation of 21.8 dB and —19.5°. Since the
position controller consists of a single constant term, it can only compensate for the gain
through a proportional gain Kpp as follows:

Kpp=12.3 (10)
e e
: Plant .
: T |
I ! I |
! i l - 1
1 Yo K Z-* 1 T J: 1 1 O, 1
1 r t~ K +—L g £ z 1
1 - P i ~ Js+B : |
1 o, 1 I :
) i ! I
i Lo o e I
1 1
1 1
1 1
R |
I'(s)
Figure 2. PI speed controller.
AR - ] 0 - - T
T~ Loop Gain 1 1
) : = ® \& :
: %’ 90 | : '89'90___
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-13 + L i 1
! 135 \H /oop Gain > |
| | | ! 180 \Tﬁ__—_— —— - | !
0.01 0.1 1 10 20 100 0.01 0.1 1 10 20 100
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(a) (b)
Figure 3. Bode diagrams of speed controller. (a) Magnitude; (b) Phase.
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-
T | I 1 1
g | . T
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Figure 4. Proportional position controller.
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Figure 5. Bode diagrams of position controller. (a) Magnitude; (b) Phase.
3. BSC System

To rewrite the ideal dynamic equation using Equations (5) and (6), it can be expressed

as follows:

. B 3P[Am+ (Ly—Ly)i%) . T, ,

Wy = —=wyr + [ - (4]d q) d] 1; - TL = Apwr + Bml,}k +CuTy (11)
where A, = _B : By = w; Cn = —%,‘ The symbol “~” represents the

nominal value. Considering the presence of uncertainties necessitates a rewrite of the
dynamic Equation (11) as follows:

wr = (Am + AAy)wr + (B + ABy)U + (Cpy + ACy) T, = Apwy + By U+ F (12)

where U = i; is the torque current command, the time-varying parameter variations are
indicated by AA;;, ABy;, and AC,,. Moreover, F represents the lumped uncertainty, which
is defined as follows:

F = AAwwy + AByU + (C + ACy) Ty, |F| < Fy (13)

and F; is defined as lumped uncertainty bound. Furthermore, the following definitions are
used for the error in position tracking and its derivative:

e1 =05 (t) — 6,(t) (14)

e1 =6, () — 0 (1) (15)

The term 6: (t) = wj (t) can be regarded as a virtual control input, and the following
stabilizing function A4 is defined:

Ay = —c1e1 — wy(t) (16)
The constant c; is a positive value, and the first Lyapunov function is selected as

V= %e% >0 (17)

The function Vj is positive definite. In addition, the definition of the virtual control
error is as follows:
er = wr(t) + A1 = wy(t) — crep — wy (t) (18)

Obtaining the derivative of V; can be performed as follows:

} - 2
Vi =eje; = ej(—ex —cre1) = —ejex — cieg (19)
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Assuming that e, = 0 is satisfied, then the derivative of V; will be negative. Addition-
ally, the derivative of e; can be obtained as

ey = W, (1) + A = @y (t) — cré1 — @, (1) (20)
The replacement of Equation (12) with Equation (20) yields the following equation:

¢y = Apw,(t) + Bl + F — créq — wy (t) (21)
Then, the selection of the second Lyapunov function is performed as follows:

1
2

1

26% >0 (22)

1
VZ:fe%Jr e§:V1+

2

where V; is a positive-definite function. The derivative of V; can be obtained by

Vz = V1 + epey = —eqep — C1€12 + egey = —61612 + 62(—61 + 62) 23)
= —crer? + e (Anby (1) + Bull + F = c1éy — o, (1) — 1)

To ensure system stability based on Lyapunov’s condition, V5 must be negative
semidefinite. Consequently, utilizing Equation (23), a BSC control law is proposed as
follows [22]:

Upsc = By~ [— Amb, (1) 4 c161 + @y (1) + €1 — caea — Fysgn(ey)] (24)

where c; is a positive constant; sgn(-) is a sign function. The dynamic Equation (12) of the
PMASynRM position servo drive system indicates that the implementation of the BSC law,
as outlined in Equation (24), ensures system stability. By substituting Equation (24) into
Equation (23), we can derive the resulting equation as follows:

Vz —cle{- + ex[—coen — Fbsgn(ez) +F]
—cle% — coe3 — |ea|Fy + eaF
—c1e? — cae3 — |ea| Fy + |ea|| F| (25)
—cie] — c2¢3 — |ea| (Fy — |F])
—cle% - cze% <.

INIAIN

Thus, parametric uncertainty and external torque disturbance do not affect the stability
of the BSC system. Figure 6 illustrates the control system’s capability to maintain stability
even in the presence of disturbances. However, it is worth noting that the use of a sign
function can lead to chattering phenomena. A boundary layer approach can be employed
to mitigate this issue by substituting the sign function with a saturation function. This
substitution helps reduce the occurrence of chattering phenomena.

1 e > ¢
sat(ep) = %, —p<e<¢ (26)
-1 e < —¢

The saturation function is denoted as sat; the boundary layer is set as ¢ > 0. Thus, the
BSC control law (24) is modified as follows:

Upsc = By ' [—Anbr(t) + c161 + @y () + e1 — coea — Fysat(e2)] 27)
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Figure 6. Control block diagram of BSC controlled PMASynRM position servo drive.
4. IBSCRWFNN System
The BSC system can ensure system stability when |F| < F,. However, the lumped
uncertainty is unknown in the real world, making it challenging to determine the upper
bound F,. Moreover, asymptotic stability is a crucial requirement for position servo drives.
In order to overcome the limitations associated with the BSC law described in Equation (27),
an RWEFNN controller [30] is proposed. The primary objective of designing the RWFNN
controller is to achieve improved performance by providing an effective approximation of
the BSC law. The control block diagram of the IBSCRWFNN system is shown in Figure 7.
The control law for the IBSCRWENN system is designed as follows to achieve asymptotic
stability in position servo drives.
U = Ugwrnn + Ue (28)
{ DSP TMS320F28075 Software/Code Composer Studio v6.2 : Hardware —»|
Lescrwenn — mmnn
| LULLEL ] s 200
| Adaptation Laws| R" ’ DC Power
5 oy 7 | Sar oot
[a7at] o i‘.W‘rm"‘rﬁ“T,rm‘,rW‘.vf,,‘ I @,(Lgiy +4,) Bk
_-:_l . G| oy v v
o 2 Recurrent T dq aff - =
QT s || e waektem | R AT A SVF’WM?G
6 l f r I X Vsl
Adaptatlon Law| '|C0m(pse4n)sat0r : ~,L i, 0
rl\;\X_WE_L_Zl;:E_A ~ CuremAngieLut ST !
I S = ! il L2t Apc |— i)
| \,!!ﬂ!}!e“,(‘ ‘ — i 1 p .IL /e k] i \ Load
=== iy iy
| e
1| e
|

orque
I ! N N Meter
- I, = ,’(i\,)’ +(i,)? £ Coordinate L
. ! 2 Transformation Encoder (* PMa
I SynRM,
gr

Figure 7. IBSCRWENN controlled PMASynRM position servo drive.

The RWFENN controller, represented by HRWFNN' plays a crucial role in learning
the BSC law to handle unknown system dynamics. Simultaneously, the compensator,
denoted as Uy, is specifically designed to minimize the approximated error introduced
by the RWFNN controller. This combination of Uy and U effectively addresses the
unknown system dynamics and improves the overall performance of the control system.

Furthermore, the network structure is represented in Figure 8.
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Layer 5
(Output Layer) O

Layer 4 I
(Rule and Recurrent Layer)

Layer 3 k
(Wavelet Layer)

Layer 2 1
(Membership Layer) .l

Layer 1 H
(Input Layer) I

Figure 8. Network structure of RWFNN.

Figure 9 illustrates the flowchart outlining the proposed RWFNN controller. The
detailed description of the operational mechanisms in the proposed RWFNN is as follows:

1.  Measuring:
Utilizing the eQEP module in the DSP, the position response is measured with the
assistance of an incremental encoder that has a resolution of 2500 counts/rev. Then,

the RWENN controller receives and utilizes e; = 6; (t) — 6,(t) and e; = w,(t) + A1 for
generating control signals.

2. RWENN Input Layer:

Two input signals are fed into this layer of the proposed RWFNN controller: the
tracking error of the rotor position x] = e; and the virtual control error x} = e,. To describe

the input and output of each node i in this layer, the following expression is used:

net} (N) = x (N) (29)

yh(N) = £ (net] (N)) = net}(N), i=1, 2 (30)

The network inputs are represented by net} (N), where the superscript and subscript
correspond to the layer and node numbers, respectively. N denotes the sampling iteration
number, while y!(N) is the output of node ith. The unity function is denoted as f}(-).

3. RWENN Membership Layer:

Layer 2 takes the outputs of layer 1 as its inputs. Additionally, the membership func-
tion utilized in this layer is the Gaussian function. The following elucidate the correlation
between the input and output of each node in a comprehensive manner:

S
net;(N) = — 31)
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V(N) = f? (net}(N)) - exp(net]?(N)), i=12,...,6 (32)

The input is denoted by x?(N) = y!(N); the mean and standard deviation of the

Gaussian function for node jth are represented by m]2 and (sz respectively; the output of

node jth is denoted by y; 2(N); fz( -) is an exponential function.
4. RWENN Wavelet Layer:
The propagation of signals in the wavelet layer is illustrated below:
2
I ll Gl - my) ] o l () - m3)

2
k=1,2,...,9 (33
2 2 7 7 4 7
|al.3,’< (03) (e3.) ]

i (x) =

3 43
=) Wi (x) (34)
The input to node ith from layer 1, directed towards the wavelet function of node kth,
is represented as 4)13 , and the connective weight as w?k. In the wavelet layer, the output
of node kth is represented by 7. The dilation and translation variables of the wavelet
function are expressed as m3, and 73}, respectively.

5. RWENN Rule and Recurrent Layer:

The layer comprises a rule layer and a recurrent layer. Each node I, denoted as
I'], performs a multiplication operation on the input signals and outputs their product.
Additionally, the nodes in the rule and recurrent layer employ a multiplication operation on
the output signals derived from the membership layer, wavelet layer, and recurrent layer.
This dynamic mapping process enhances the overall mapping capability of the system. The
nodes are summarized as follows:

y], ley]?, 1=1,2,...,9 (35)
net}(N) = yhpiwryf (N — 1) (36)
vHN) = fi (netf (N) = net (N) (37)

The output of the Ith node in this layer is represented by y}(N). The calculation
involves the utilization of the connecting weight, denoted as w;.ll, between layer 2 and layer
4, and the recurrent weight is denoted by w?. y?(N — 1) denotes the previous output of
node /th in this layer, and the unity function is denoted as fl4(~). Each node in the network
incorporates a feedback loop using the recurrent technique to achieve dynamic mapping
and higher sensitivity to previously obtained data.

6. RWEFNN Output Layer:

The inputs to layer 5 are obtained from the outputs of layer 4 and compute the final
output by summing them up. In this layer, the output y3(N) is mathematically expressed
as follows:

9
netS(N) = Zw?ox?(N), o=1 (38)
l

Va(N) = £ (nets (N)) = net3(N) (39)

The output of the rule layer is represented as x; ?(N) =Y *(N). The connective weight
is represented by wl The final output of the RWFNN is depicted as y3(N). The unity
function is denoted as 3 ().



Energies 2023, 16, 5389 12 of 23

7. Online Network Parameters Learning:

All the adaptation laws of online network parameters learning will be given in Theo-
rem 1 in the following section.

- Start > " RWENN — Rule and Recurrent Layer )
Each node i, denoted by I1, multiplies the
( ; W input signals and outputs the product, which
Measuring are multiplied from the membership layer,
The rotor position is measured by using wavelet layer and the recurrent layer.
the eQEP module in the DSP. Then, the 4 4.2
€ ) T(N)=] Jw;ys, 1=12,..,9
tracking error e, = @ (t)— 6, (t) and Va(N) = 1wy]
e, = o, (t)+4, is generated. net(N) = yiwew/y; (N-1)
Node outputs are :
4 4 4 4
Yi (N) = fl (net| (N )) =net, (N)
( RWFNN — Input Layer h \ /

L

Node inputsare x; =e,and x} = e,. 4 RWENN — Output Layer ™
Node outputs are :
yA(N) = f(net(N)) = net'(N), i=1,2 This layer takes th.e outputs of Rule and
_ Y, Recurrent Layer as its inputs and computes

the final output by summing them up.
9
net>(N) => wix’ (N), 0=1

I
Node outputs are :

4 RWFNN — Membership Layer N\

The Gaussian functions are adopted to

implement the fuzzification operation. Yo (N) = f2(net>(N)) = net>(N)
) (¢ (N)—m?)? The output y;(N) add adaptive compensator
netj(N) = ————5— to get thei, current command
() N q J
Node outputs are: \|/
y2(N) = f2(net?(N)) = exp(net?(N)), j =1,..., 6
\J : ' ' J / Online Parameters Learning \

According to (40),w. and W, are updated by

RWFNN -Wavelet Layer (48) and (53)
/ f \ w2 (N +2) =w (N) +Aw.

The propagation of signals in the wavelet layer

is illustrated below: w (N 1:1) = W;(N) +Aw;
1N) —m? )2 Then,m;, o, m, and oy, are updated by (49),
e (¥) = 13 {1— it )3 T i) } (50), (51) and (52)
o (o) m, (N +1) = m, (N)+Am,

1N — m3 )2 o;(N+)=0;(N)+Ac;
xexp{(x'(’(\ga)zm}, k=12..,9 m3 (N +2) =m3 (N)+Am]

3 3 3
oy (N +1) =03 (N) + Aoy
Node outputs are: \ /

we(N) =D Wi ()
K j ( End )

Figure 9. RWFNN flowchart for position control.

5. Stability Analysis of IBSCRWFNN System

The structure of the five-layer RWFNN, as illustrated in Figure 8, can be expressed as

URWFNN (61, e, W, mj, 0']', mii, O, R) =WrI

_ .5 5 5 5 5 5 5 5_ 5 1x9 (4555 .5.5.5.5.5.5]T 9x1

W = [w] w3 w3 w] w3 w} w3 wy wg] € R I'=[x}x3x3x;x2x) x3x3 x3]° € R

T2 2 02 2 2 21T 6x1 7222 2 2 21T 6x1

m; = [m7 m5 mgmg mg mg]” € R oj=[of 0505005 0¢] €R (40)
— [3 4,3 31T 18x1 13 31T 18x1

my = [my m3 ---mjg] € R®X Uik—[010§’~--018] € RIS~

_ 4 4 .4 4 4 4 4 4 4 1x9
R = [wrl Wy Wiz Wy Wy Wyg Wyy Wig wr9] €R
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The universal approximation property guarantees the existence of an optimal Uy rxnny
for any nonlinear function. Consequently, a designed optimal Uy, is employed to
learn the BSC law Upgc in order to achieve the following:

UBSC == UEWPNN(el’ 62, W*, m;, 0-]*, m;kk, oil*k’ R*) +8 - WF* + ) (41)

The reconstructed error is represented by ¢, which is the minimum value; W, m]’-‘,
(7]?“, my, o, and R* are the optimal values of W, mi, o, My, Oy, and R respectively.

]
Additionally, the control law illustrated in Equation (28) can be expressed as

U = Urwenn (€1, €2, W, 11}, &), iy, &, R) + U = WI + U (42)

where W, n%j, &]', My, O, and R represent the estimated values of W, mj, 0j, M, Cig, and R
correspondingly. The equation below is obtained by subtracting (41) from (42):

U =Upsc—U

= Upsc — Urwenn (€1, €2, W, 71y, 65, #in, 6, R) — U,

= UkwenN (el, e, W', mj, o, my, o, R*) +e ’
—Ugwenn (e1, e2, W, 7y, &, iy, 6, R) — Ue @)
=WT* +e— WI - U,
= WI* + WI +¢— UL,

where W= W* — Wand T = I'* — I. A linearization technique is employed to convert
the RWFNN into a partially linear form. This technique involves obtaining the Taylor series
expansion of I', which can be expressed as

T = Ly + I G + Ly g + Ty 0 + TR TR+ Ny, (44)

where mj = m; — i, 0 = 0 — G}, My = my — iy, O = 0 — i, R = R* — R; the
high-order term is represented by Nj,. In addition,

[0 9xd ox; ] [ 0xf  9xf ox; ]
s C am o g e
my ny e 01 2 06
I'ij — c R9><6 1"0]T — c R9><6
aml al’l’lz 8m6 at71 80’2 80’6
[ af g ] AT S
aml BWQ Bmlg 8(7'1 80'2 80'18
ny my mig 01 02 018
TmikT — c RI9%18 T‘TikT — c RI9%18
g 0§ o o oxg 0
am1 Bmz Bmlg a(T] 80'2 30'18
ox; ox3 ox? ]
dw,, Ow,,  dwpe
Bxg Bxg axg
TRT _ oW, Wy oWy c R9%9
8xg axg axg
i 0w, Wy oWy ]
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Rewriting (44), I'* can be calculated as follows:

I* =T +T =T+ i+ I, 6 + Ly, it + Loy, G + TR TR+ Ny, (45)
Substituting (44) and (45) into (43), expressing the estimated error in Equation (46) can

be performed in the following manner:
U= WI*+WT +¢— U,

_ W(f + Ly Tt + I, T3 + Loy Tty + T "0+ TR TR + Nh)
+W(rijﬁ1j + Iy, "G+ Ly Tt + T, TG+ TRTR + Nh) re— U
= Wf‘ + WFm].Tﬁj + WFU—/.T&]' + meikTﬁlik + WI}ikTE'ik + WTRTﬁ + ﬂ/Nh
—i—WFm].Tﬁj + Wl}jTTr]- + Wrm’.kTﬁ’lik + WI}ikT?Tik + WI‘RTﬁ + WNh +é&— Z:IC
= WI' + WrmiTﬁj + Wrng&]’ + Wl"m].kTmik + WTUikT’o‘,'k + WFRTR + WijTﬁ]-
+WI, G + WEy, Ty + W, "6 + WIRTR + W'N, + ¢ — U,
= WI' + WL, Tin; + WIL, TG+ WEy,, Ty + WI, o + WIRTR — U, + H

(46)

The H, which is named as the uncertain term, can be expressed as follows:

H= mejTﬁlj + WFUJ.T&]' + WFmikTﬁik + WngkTZfik + WFRTﬁ + W*Nj, +¢ 47)

Theorem 1. Given the PMASynRM servo drive system described in (12), the proposed IBSCR-
WENN achieves absolute asymptotic stability under the following condition.

1. Implementation of the IBSCRWFNN control as illustrated in (28);
2. Adoption of the RWFNN adaptation law as described in (48)—(53);
3. The compensators, illustrated in Equations (54) and (55), are developed with an adaptive law.

LT
W = —nyeI (48)
T R
ity = 1 e; Wy, " (49)
2T P
0; = —1oe2WI, (50)
T
ﬁ’lik = nmikeZWTmik (51)
. T N
O = Mo 2 WL, T (52)
2T .
R = —177€2WFRT (53)
U. = (54)
P =—7e (55)

where Nws Mmjs Nojr Nmiyer Noge, Mr ATE positive constant learning rate parameters; 1,5 represents
the value of the estimated online approximated error; and v is a positive constant.
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Proof. The proposed IBSCRWFNN is designed with a Lyapunov function given by

V3 (61 (t), e (t), @(t), W, i}, 7}, i, g, ﬁ)

=le2+ 1% + T B Wi 4 2,7"’ i+ 2,7 o'JT(r] (56)
Bn T m BWI
_'_2;7 zkmlk + 217 a'zko.lk + 2 R R 3 HIPH >0

The function V3 is chosen to be positive-definite, and ¢ = ¢ — ¢. ¢ is the symbol used
to denote the approximated error, and it is defined by ¢ = H — F/B,,. Furthermore, the
approximated error ¢ is assumed to be bounded by || < F,. Given that the sampling
interval in the experiment is considerably shorter than the fluctuations observed in H and F,
the approximated error ¥ is treated as a constant during the estimation process. However,
it is difficult to know the upper bound F,. Hence, a proposed adaptation law is put forth to
modify the value of the online estimated approximated error § within the compensator.

Differentiating ¢ with respect to time yields ¢ = —. By utilizing Equation (12) and taking
the derivative of V3 with respect to time, the following expression can be derived:

T B *T"’ B ’.‘T'V T B ’.‘T"’ B ;\T~ B e
_ MZMI_iI . — Pmg e _ bmg. 57, _ bm _ bm

V3 = eje1 +exep » i 1 m; o oj0j— qu i my oy OikTik = 5 R R > P
= 61[—6’2 — 6161] — eZ{Bm[UBSC — U] —e1+ Crep — F} o WW

T .T T T -T~
_Bugy s Bug. g Buwog oz Buogs _h _ Buyg

77m] m] mj 7 oo ﬂmkmlkmlk 177 ‘Tko'lk nr l/Jl/J

:—cez—cez——WW — 3By WI — B ity — e3B W, Ty — B &,

1€1 262 2Dm ’7"1]- j 2Dm mj j ,70]_ i

. . T
A T~ Bu 5 ~ T~ Bu A ~ A T~

—e2BmWng oj— ”:lk ml-kmik — 32BmWFmik mi — 17‘7'1';( OOk — 2By Wi, = 0 (57)

. T~ R . R
—%"R R — ¢;B, WIRTR + e,B,, U, — e3Byp — Bugp 1/;1/;

2

= —C1€1" — (282

B
My

_ ;T ~ A . T
2 {fjwww —i—ezBmWT} - {Bm

P AT T By il ~ AT T
m]-—i-ezBmWij mj| — —’"(T-(Tj+ezBmW1}], oj

77m] ] 77(7]» ]

Mo

T R " LT R -
mzkmzk+ezBmWTm ik:| - {Bm &ikﬁik+ezBmWT0ikT¢Tik] - [%R R+€ZBmWFRTR}

+ [€2Bm EIC — EzBmlﬁ] Bugy l/J {IP + ’)/62}

Moreover, by substituting (48)—(55) into (57), it can be concluded that
Vs (el(t), ex(t), (t), W, i, 0, iy, Tix, ﬁ) = —c1e1” — c205° <0 (58)

Since V3 (el (1), ea(t), P(t), W, mj, oj, My, O, R) < 0 is negative semidefinite,

Vs (el(t)/ ex(t), §(t), W, finj, &j, iy, T, R) <V3 (61 (0), e2(0), $(0), W, ), &, fityg, Tix, ﬁ)

which implies that ey (t), ex(t), ¥(t), W, mj, 0j, my, oi, and R are all bounded. By

defining Q(t) = c1e? + coe3 = —V3(t) and integrating with respect to time, one can obtain
the following equation:

[ o = vs(0) - va(t (59)
0
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Since V3 (el(O), e2(0), $(0), W, i}, &, fity, T, 1~{> is bounded and
Vs (el(t), ex(t), w(t), W, mj, 0j, M, O, ﬁ) is also bounded and nonincreasing, thus

t
lim [ Q(1)dT < o (60)

t—c0
0

Furthermore, the boundedness of ()(t) implies that Q)(t) is uniformly continuous.
Applying Barbalat’s Lemma, it can be demonstrated that tlim Q(t) — 0. As aresult, both
—00

e and e will approach zero as t — co. Consequently, the proposed IBSCRWENN system
exhibits asymptotic stability [22]. O

6. Experimentation

The experimental setup, depicted in Figure 10, comprises various components such as
the PMASynRM servo drive, DSP TMS320F28075 board, and a SiC-based VSI with 4.5 kW.
An industrial 7.5-kW PMSM drive is operated in torque control mode as the load. Moreover,
two load torques 10 Nm (case 1) and 20 Nm (case 2), are set in the experimentation. The
control of position and speed of the PMASynRM is determined using an incremental
encoder, which interfaces with a quadrature encoder pulse (QEP) interface and has a
sampling interval of 1 ms. The control of current operates with a sampling interval of
0.1 ms. The PMASynRM servo drive is then controlled by delivering switching commands
for space vector pulse width modulation (SVPWM) to the voltage source inverter (VSI).

Torque and Speed
Display

DSP 28075 Control o — » I8
PMASynRM |

Board, 1/0 Extension ‘é
\ Jm

Board, and Encoder /f%

SiC based § e

VSI ’ —1
Personal
C - Computer

Figure 10. Experimental setup.

The suggested position control system is evaluated based on three performance met-
rics: Ty, Taver, and Tyy. These metrics represent the maximum tracking error, average
tracking error, and standard deviation of the tracking error, respectively. They are utilized
to assess and validate the control performance.

Ty = m}\?xﬂTermr(N)D (61)
h
Y |Terror(N)|

Taver = NZl— (62)

h
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h
E (Terror(N) = Toer(N))?
T = \| 2= - (63)
Given that Terror(N) = 05 (N) — 0,(N) and h represents the total number of iterations,
the control performance of the system is demonstrated by measuring the responses of
periodical step and sinusoid commands. To model the periodical step reference input, a
second-order transfer function with a rise time of 0.6 s is utilized as the reference model in
the following:

2
30
“n = (64)
§2 4 28wys + w2 s2+4+11s+ 30

In Equation (64), ¢ and wj, represent the damping ratio and undamped natural fre-
quency, correspondingly. Moreover, the control performance of the proposed IBSCRWFNN
position controller is compared with that of the BSC position controller through experimen-
tal results analysis. Furthermore, to compare the control performance, experimental results
of the PI control, BSC, and the proposed IBSCRWFNN control are presented and analyzed.
The parameters of PI control have been designed in Section 2.3, and the parameters of BSC
and the proposed IBSCRWENN control are provided as follows:

c1 =12, ¢ = 045, F, = 10, fjo= 0.05, ;= 0.15, 15, = 0.3, fjy;, = 0.01, 115, = 0.01, 17, = 0.02 (65)

The parameters are iteratively adjusted to achieve optimal transient control perfor-
mance while ensuring stability using a trial-and-error process. In addition, in order to
strike a balance between computational resources and control performance, the network
structure of the RWFNN has been designed with specific numbers of neurons in each layer:
2 in the input layer, 6 in the membership layer, 27 in the wavelet layer, 18 in the rule layer,
and 1 in the output layer. Additionally, for the 32-bit floating-point DSP with 120 MHz
using the “C” program, the total operation cycles and execution time for the PI controller
are 60 and 0.0005 ms; the proposed BSC controller are 393 and 0.003275 ms; the proposed
IBSCRWENN controller are 9437 and 0.0786 ms. Consequently, the total execution time of
the proposed IBSCRWENN controller remains below 1 ms, which aligns with the sampling
interval of the speed control loop.

In the experimentation, the objective is the control of the rotor position of PMASynRM
to periodically track step and sinusoid position commands with minimum tracking errors.
The test scenarios are outlined in Table 3 for the assessment of the robustness of various
controllers under different operating conditions.

Table 3. Test scenarios and quantified results of experiment.

Position Command Maximum Transient Load Torque
Case Controller Tracking Error  Response Time Figure
(Degree) (Nm)
(Degree) (s)
Case 1 PI periodical step 44.5 1.25 10 Figure 11a
Case 2 PI periodical step 50.5 1.31 20 Figure 11c
Case 1 BSC periodical step 28.3 1.15 10 Figure 12a
Case 2 BSC periodical step 34 1.19 20 Figure 12¢
Case 1 BSC periodical sinusoid 13.2 0.82 10 Figure 13a
Case 2 BSC periodical sinusoid 15 0.85 20 Figure 13¢
Case 1 IBSCRWFNN periodical step 14.5 0.62 10 Figure 14a
Case 2 IBSCRWENN periodical step 15.3 0.59 20 Figure 14c
Case 1 IBSCRWEFNN periodical sinusoid 49 0.32 10 Figure 15a
Case 2 IBSCRWFNN periodical sinusoid 55 0.37 20 Figure 15¢
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Figure 11. Experimental results of PI control with periodical step command. (a) Position command,
response, and error at case 1; (b) d-q axis current commands at case 1; (¢) Speed command and
response at case 1; (d) Position command, response, and error at case 2; (e) d-q axis current commands
at case 2; (f) Speed command and response at case 2.
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Figure 12. Experimental results of BSC control with periodical step command. (a) Position command,

response, and error at case 1; (b) d-g axis current commands at case 1; (c) Speed command and

response at case 1; (d) Position command, response, and error at case 2; (e) d-q axis current commands

at case 2; (f) Speed command and response at case 2.
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Figure 13. Experimental results of BSC control with periodical sinusoid command. (a) Position
command, response, and error at case 1; (b) d-g axis current commands at case 1; (¢) Speed command
and response at case 1; (d) Position command, response, and error at case 2; (e) d-q axis current
commands at case 2; (f) Speed command and response at case 2.
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Figure 14. Experimental results of IBSCRWFNN control with periodical step command. (a) Position
command, response, and error at case 1; (b) d-g axis current commands at case 1; (c) Speed command
and response at case 1; (d) Position command, response, and error at case 2; (e) d-q axis current
commands at case 2; (f) Speed command and response at case 2.
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Figure 15. Experimental results of IBSCRWEFNN control with periodical sinusoid command. (a)
Position command, response, and error at case 1; (b) d-q axis current commands at case 1; (c) Speed
command and response at case 1; (d) Position command, response, and error at case 2; (e) d-g axis
current commands at case 2; (f) Speed command and response at case 2.

Figure 11 illustrates the experimental results of command tracking using periodi-
cal step commands for both case 1 and case 2 of the PI control system. The position
command, response, and error are shown in Figure 11a,d; the current commands are
shown in Figure 11b,e; the speed command and response are shown in Figure 11c/f.
Figures 12 and 13 illustrate the experimental results of command tracking using periodical
step and sinusoid commands for both case 1 and case 2 of the BSC control system. The posi-
tion command, response, and error are shown in Figures 12a,d and 13a,d; the current com-
mands are shown in Figures 12b,e and 13b,e; the speed command and response are shown
in Figures 12¢,f and 13¢f. In addition, Figures 14 and 15 illustrate the experimental results of
command tracking using periodical step and sinusoid commands for both case 1 and case 2
of the IBSCRWFNN control system. The position command, response, and error are shown
in Figures 14a,d and 15a,d; the current commands are shown in Figures 14b,e and 15b,e;
the speed command and response are shown in Figures 14c,f and 15¢,f.

From the experimental results, it can be observed that the d-axis current command is
effectively generated using the FEA-based look-up table (LUT) for MTPA control. Moreover,
the BSC position controller performs better than the PI controller, and the proposed IBSCR-
WENN controller outperforms the BSC controller. The rotor response of the PMASynRM is
significantly enhanced by the proposed IBSCRWFNN position controller, resulting in re-
duced tracking errors under different reference inputs. This improvement can be attributed
to the parallel processing and online learning capabilities of the RWFNN used in the control
network. In other words, the robustness of the position control is improved by employing
the suggested IBSCRWFNN position controller. Furthermore, the quantified results of
maximum tracking error and transient response time of all experiments are also presented
in Table 3. In addition, the performance measurements of PI, BSC, and the proposed
IBSCRWENN position controllers are compared in Figure 16, considering two operating
cases with periodical steps and sinusoid reference commands. The proposed IBSCRWEFNN
position controller exhibits lower maximum, average, and standard deviation tracking
errors thanks to its faster convergence rate and improved generalization performance.
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Figure 16. Maximum, average, and standard deviation of tracking errors used for the PI, BSC,
and IBSCRWENN. (a) Periodical step command at case 1; (b) Periodical step command at case 2;
(c) Periodical sinusoid command at case 1; (d) Periodical sinusoid command at case 2.

7. Conclusions

In this study, an IBSCRWFNN control was proposed for a high-performance PMASynRM
servo drive system. First, the dynamic model of the PMASynRM servo drive was analyzed
using ANSYS Maxwell-2D capabilities. The FEA results were utilized to generate a LUT
for the MTPA current angle command. Subsequently, a BSC position tracking system
was developed to confront the existing lumped uncertainty of the motor drive. Moreover,
the proposed RWFNN was employed as an alternative to the BSC law to address the
challenges associated with the dynamic model of the motor required by the BSC in the
PMASynRM servo drive. Furthermore, the Lyapunov stability method was employed to
derive online learning algorithms for the RWFNN, ensuring asymptotical stability. Finally,
the experimental results demonstrate that the proposed IBSCRWFNN exhibits excellent
control performance in terms of position tracking control for the PMASynRM servo drive.
This study presents several significant contributions, which include: (1) the successful
creation of the IBSCRWENN specifically designed for a high-performance PMASynRM
position servo drive system; (2) the successful development of an online learning algorithm
that allows for the real-time training of the RWFENN using the Lyapunov stability theorem;
(3) the effective implementation of the IBSCRWFNN in a floating point DSP, ensuring
robust position control performance for the high-performance PMASynRM.

The future works of this study are as follows: (1) in the experiment, an optical encoder
was used to obtain the position of the motor rotor. Subsequently, a sensorless control
method, which eliminates the need for sensors, can be further incorporated to reduce
system costs. (2) In this study, the online learning rates of the intelligent control algorithm
are adjusted through trial and error. In the future, it is possible to explore a self-adjusting
network learning rate to optimize the intelligent control algorithm. (3) In addition to
reducing motor copper losses by maximizing torque per ampere, the development of
optimal efficiency control is also possible.
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