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ABSTRACT

Considering the various unknown and uncertain parameters as well as load disturbances of permanent magnet linear synchronous

motor (PMLSM) drive systems, this paper proposes a novel model-free adaptive super-twisting (MFAST) speed control strategy

based on radial basis function neural network (RBFNN) estimator to ensure the satisfactory performance and strong robustness of

the speed control. First, by considering all possible unknown and uncertain parameters, the ultralocal model of PMLSM is con-

structed. Next, the RBFNN estimator is designed to estimate the unknown parameters of the above-mentioned ultralocal model.

Finally, the RBFNN-based MFAST control law is proposed to guarantee PMLSM drive systems' robustness against various internal
and external disturbances. StarSim HIL experiment results demonstrate that the synthesised RBFNN-based MFAST control
strategy can enable PMLSM drive systems to possess high accuracy, remarkable rapidity and strong robustness.

1 | Introduction

At present, the permanent magnet linear synchronous motor
(PMLSM) has been widely applied in many fields such as CNC
machine tools, photolithography machines, rail transit equip-
ment, logistics equipment, ropeless elevators, etc. [1], benefiting
from its outstanding features of high thrust, high precision, high
speed, high power density, rapid response and low noise. In
addition, thanks to eliminating intermediate transmission links
including ball screw and coupling, PMLSM could directly drive
the load. Nevertheless, uncertain machine parameters, un-
known nonlinear friction and thrust ripple and load variation
inevitably exist, which cannot be ignored when designing con-
trol methods for PMLSM drive systems [2, 3]. Therefore, it is

necessary to study feasible and effective control strategies to
enhance the system's robustness and improve dynamic and
steady-state performances against various uncertain and un-
known factors for electrical machines [4].

For PMLSM drive systems, the PI control method is commonly
used. However, it is highly sensitive to parameter mismatch and
load disturbances, leading to poor dynamic performance. To
improve system robustness against various internal and external
disturbances, scholars have developed some advanced control
methods such as adaptive control [5], active disturbance rejection
control [6], model predictive control [7] as well as intelligent
control [8, 9]. Apart from those methods, sliding mode control
(SMC) [10] has been widely used due to its strong robustness, fast
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response and simple algorithm [11-13]. However, its discontin-
uous switching term results in chattering phenomena [14]. One
effective solution to this problem is super-twisting control (STC),
where the switching term is hidden in the integral [15, 16]. For
conventional STC with constant gain, when subject to unknown
or time-varying disturbances, it is challenging to select an
appropriate gain to guarantee strong robustness, rapid dynamic
response and weak chattering. Comparatively, the AST law with
time-varying gain can adaptively adjust the control gain value to
resist various unknown or time-varying disturbances, and thus
make the system possess stronger robustness, faster response
speed, better control accuracy and weaker chattering.

Despite its robust performance improvement, the model-based
AST law cannot effectively control PMLSM drive systems with
unknown and uncertain parameters. In response to such an
issue, model-free AST (MFAST), based on an ultralocal model,
which uses only the input and output of the system without
considering any system parameters [17], can be proposed to
solve the problem in this paper. As an essential part of the
model-free control method, the observer estimates the ultralocal
model's unknown parameters. At present, the commonly-used
observers include Luenberger observer (LO), sliding mode
observer (SMO), Kalman filter observer (KFO), extended state
observer (ESO), etc. Ref. [18] employed LO to estimate the total
disturbance of the PMSM such that deadbeat predictive current
control is not affected by motor parameter mismatch, and in-
ternal and external interference. Ref. [19] constructed SMO to
estimate the unknown parts of the novel model-free ultralocal
model of PMSM to perform feedforward compensation. Ref. [20]
used self-correction-based KFO for state estimation of the in-
duction motor to ensure the accuracy and robustness of the
prediction model. Using ESO, ref. [21] proposed model-free
predictive current control of PMSM drives to achieve better
performance in terms of current harmonics, tracking error and
dynamic overshoot. Apart from the above-mentioned observers,
new neural network observers have been emerging.

Given its fast approximation of any continuous function, the
RBFNN-based observers have been brought into focus [22-24].
Currently, many researchers employ RBFNN-based observers to
estimate ultralocal model parameters in different fields [25-28].
For this purpose, we construct an RBFNN-based observer to
estimate unknown parameters of the ultralocal model of
PMLSM, whose online training consists of the adaptive law for
RBFNN weight matrices and an iterative algorithm for RBF
centre values and widths.

In this study, we propose a novel RBFNN-based MFAST speed
control strategy for PMLSM drive systems, which has rarely
been reported. In the first place, the ultralocal model is built by
taking into account various unknown and uncertain parameters
and load disturbances. Then, using an RBFNN-based observer,
the unknown parameters of the ultralocal model are estimated.
Finally, the MFAST control law based on the RBFNN estimator
is developed to obtain satisfactory speed control performance,
and then its stability is analysed. Compared with the existing
works, the main contributions of this paper are listed as follows:

1. The proposed strategy is essentially a model-free control
method that does not require knowledge of motor

parameters. It is a more practical engineering approach
compared with the model-based control method.

2. As for the RBFNN estimator, its online training process is
directly integrated into the MFAST control instead of the
offline training process, which reduces operating costs.

3. The proposed RBFNN-based MFAST control strategy en-
hances the PMLSM drive system's robust performance
under parameter variation and load disturbance.

4. In previous related literature, the stability analysis of the
estimator and AST control law is usually independent;
therefore, their stability is analysed separately. Although
based on the state space model that integrates the RBFNN
estimator with the AST controller, we prove the stability of
the RBFNN-based MFAST. Compared with the separate
analysis method, the systemic one in this study is more
reasonable and more significant.

The remainder of this paper is organised as follows: in Section 2,
based on the dynamic model of PMLSM, its ultralocal model is
built. In Section 3, the RBFNN-based AST control law is
designed, and its stability is analysed. In Section 4, the experi-
mental verification results are presented; finally, conclusions
are drawn in Section 5.

2 | Ultralocal Model of PMLSM Drive System

The dynamic model of the PMLSM drive system is expressed as
follows:

dv,

M
dt

F,-E-F-Bv, FE= npz—fz,bfiq (1)
where F, is the electromagnetic thrust; n,, is the number of pole
pairs; 7 is the magnetic flux per pole; 9 is the permanent magnet
flux linkage, i, is the g-axis stator current; M is the mover mass;
v is the mover speed; F; is the total disturbance force composed
of unknown nonlinear friction and thrust ripple; F; is the external
load and B is the viscous friction coefficient.

Assume that the real values of M, 3 + B, Iy and F; are unknown
or uncertain, on the basis of Equation (1), the ultralocal model
of the PMLSM can be built as follows:

dv,,

F=gu+f 2

where u is the g-axis stator current; g and f are the unknown
parameters whose expressions are given below:

_ 3nn,
T 2tM

K +F B

¢f’ f= M _Mvm (3)

g

3 | The RBFNN-Based MFAST Control Strategy

For the PMLSM drive system, the dual closed-loop control
method with an outer speed loop and an inner current loop is
adopted in this study. The current loop employs PI-based
vector control, whereas the speed loop employs the proposed
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RBFNN-based MFAST control strategy, which is the core design
of this research study. The control block diagram of the PMLSM
drive system is shown in Figure 1, whose control objective is to
resist the adverse effects of parameter mismatches and load
disturbances and thus ensure that the systems track the refer-
ence speed accurately and swiftly.

3.1 | RBFNN Estimator

The RBFNN estimator, shown in Figure 2, consists of three
layers: an input layer, a hidden layer, and an output layer. By
use of RBF, the input data is nonlinearly mapped to the hidden
layer, and then by adjusting the RBF weights, the output layer
can fit complex functional relationships [29].

In Figure 2, e, f" and g are the inputs and outputs of the
RBFNN estimator. e,, is defined as the speed error of the

PMLSM, whereas f‘ and g are the estimated values of f and g,
respectively. They can be expressed as follows:

€v,, = Vim = Vmref 4)

F=WIH;+f, §=WIHg+g 5)

where v,,,r is the reference speed of the PMLSM; f; and g, are f
and g that correspond to the nominal values of PMLSM; Wyand
W, are the RBF weight matrices; Hyand Hy are the hidden layer
matrices. fo, 80, Wy, Wg, Hy and H, are expressed as follows:

Initial value of F 37ny

fo= ¢fn0minal (6)

>

0 _—
Maominal 2TnominalMhominal

Wy = [wi wy wz wy WS]T, W, = [ws w7 wg Wy WIO]T

T T (7)
Hf = [hy hy h3 hy hs]", Hg = [he hy hg hy hyo]

where My ominals Tnominal and z,bfnominal are the nominal value of
M, 7t and ¢ -

' Outer speed loop controller | Inner current loop controller

In Equation (7), w; (j = 1,2,..,,10) is the weight of the jth hidden
layer node; h; (j = 1,2,..,10) is the radial basis functions, whose
expressions is given as follows:

2
b = exp( _(en o) ) ®)

2
207

In Equation (8), ¢; and b; are the RBF centre values and RBF
widths of the jth hidden layer node, respectively.

—_—_—— e e e —— e — — —

Eq.(5

Qutput layer

FIGURE 2 | RBFNN estimator.
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FIGURE 1 | Control block diagram of the PMLSM drive system.
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3.1.1 | Adaptive Law for RBFNN Weight Matrices

The adaptive law for RBFNN weight matrices is designed as
follows:

d—“;f = [SIZ(t)sign(evm) +

Cup

—12
fl(t) f lz(t)sign(evm)dt]Hf

d
)
dw,

-12
Ttg = [3lz(t)sign(evm) + M/ P(t)sign(e,,, )dt} uH,

where I(f) is the positive super-twisting sliding mode gain,
which will be designed in Section 3.2.

The rationale for designing Equation (9) is based on the stability
analysis of the RBFNN-based MFAST control law, which will be
derived in Section 3.3.3.

3.1.2 | Iterative Algorithm for RBF Centre Values and
Widths

In this paper, the K-means clustering method [30] is used to
iteratively determine RBF centre values and widths in RBFNN.
Consequently, at the (k+1)th sampling instant, the iterative
algorithms for RBF centre values and RBF widths of the five
hidden layer nodes used for estimating f as shown in Figure 2
are designed as follows:

cp(k +1) = cp(k) + ka[ey, — cp(k)],  p=arg minfle,, — ¢|}
S.6j=1,2,,5

cj(k-l- 1)=Cj(k)’ J:l, 2,~..’ 5»]56P

(10)

B max(c;) — min(c)) j=

V6

Similarly, at the (k + 1) th sampling instant, the iterative al-
gorithms for RBF centre values and RBF widths of the five
hidden layer nodes used for estimating g as shown in Figure 2
are designed as follows:

b; 1,2 -5 11)

cqlk + 1) = cq(k) + ko[ ey, — cq(k)], g =arg min{le,, — ¢|}
5.6j=6,7,-,10

Jj=67--10,j#q
(12)

¢i(k + 1) = ¢i(k),

_max(g) —min(o) ;¢ 1o (a3)
Vo

In Equations (10) and (12), k; and k, are positive real learning
rates.

b;

3.2 | RBFNN-Based MFAST Speed Control
Strategy

The sliding variable s is selected as follows:

s=ey, (14)

The RBFNN-based MFAST speed control law is designed as
follows:

1 2(t .
u= §(— 21(t)|s|sign(s) — /% sign(s)dt — f + ﬁm,ef> (15)
The adaptive law of I(f) in Equation (15) is designed as follows:

16

2
—kle,,| 2 [31()*|ey, | sign (e, ) + U(2) gsign(evm)dt‘

, (=1

V2o Bt _
6lley,| + 2ls] s1gn(evm)/731gn(evm)dt + (IO-1)

L I(t) <1
(16)

where k and [ are positive real numbers.

The rationale for designing Equation (16) is based on the sta-
bility analysis of the RBFNN-based MFAST control law, which
will be derived in Section 3.3.3.

Remark 1. Obviously, I(t) is related to both RBFNN estimator
and MFAST. Appropriately tune k and [ in Equation (16) such
that its adaptive law can simultaneously achieve two objectives:
on the one hand, the RBFNN estimator tracks the real fand g
accurately and rapidly; on the other, the MFAST control law
improves the system's dynamic and steady-state performance
while attenuating PMLSM system chattering. Consequently, the
advantage of the adaptive law of I(t) lies in that the stability of
the PMLSM drive system and the convergence of the RBFNN
estimator can be guaranteed simultaneously.

3.3 | Stability Analysis of the RBFNN-Based
MFAST Control Strategy

To facilitate the stability analysis of the RBFNN-based MFAST
control law, some variables related to the RBFNN are first
defined. Then, the state-space model is established, which
combines the RBFNN estimator with the AST control law.
Finally, the stability of RBFNN-based MFAST is analysed based
on the state-space model.

3.3.1 | Definitions of Some Variables for RBFNN
Estimator

First, ey and ¢, are used to represent the RBFNN estimation
errors as follows:

Ef=f—f=f—(W}Hf +fo) -
£g=g—g=g—<W;ng+g0>

Second, Wygeq and Wo;geq; are used to represent the RBF weight
matrices that correspond to the minimum of the absolute
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estimation errors. Correspondingly, €figeas and &gigear denote the
minimum of estimation errors as follows:

Efideal =f - (W}ideale + fO) ( )
18
Egideal = 8§ — (ngdeang + gO)

and

)

In Equation (18), Wgeq: and Wygeq; are given as follows:

[esideat] = min([e ), [egiaeat| = min([eg]) (19)

T y T
W fideal = [Wiwiwiwiws |, Weigeas = [Wiwiwiwswi (20)

where w; (j = 1,2,...,10) is the weight of the jth hidden layer
node of the RBFNN, which can minimise the absolute values of
gr and &.

Finally, AW and AW, are used to represent the difference
between Wy and Wyg. and the difference between W, and
Woideq: as follows:

AW s =Wrigeq — Wy

21
A‘Ng = ngdeal - Wg ( )

Consequently, the estimation error of the RBFNN estimator can
be expressed as follows:

gf = (W}ideale + fO + Efideal) — <W}Hf + f0> = AW;Hf + € fideal
Eg = (ngdeang +8& + Egideal) - (WgHg + gO) = AWgHg + Egideal
(22)

3.3.2 | The State-Space Model Combining RBFNN
Estimator and AST Control Law

For the sake of conciseness, in what follows, [ is used in place of
I(t) in Equations (15) and (16).

Define the state variables x;, x, as follows:

12
X1 =8X=— f Esign(s)dt (23)

Then, the second-order state equation combining the RBFNN
estimator and AST control law can be presented as follows:

)&1 =5:=15m _ﬁmref =gu +f_‘3mref
2 (24)
X, = ——sign(x;)
2
In Equation (24), x; can be rewritten as follows:
)21 = (g_g)u+ (f_j‘) +§u+.}‘_‘}mref

=Egu+£f+gu+f"—15m,ef

(25)

Considering Equations (15) and (25), Equation (24) is equivalent
to the following equation:

)21 = —Zl|x1|1/zsign(x1) +x;+p
2 (26)
X = ) sign(x,)

where
p=¢lU+ef 27)

Substituting Equation (22) into Equation (27) yields the
following equation:

p= (AW;Hg + sgideal)u + AW}:Hf + €fideal (28)

In fact, the stability analysis of the RBFNN-based MFAST is
equivalent to that of the system of Equation (26).

3.3.3 | Stability Analysis of the RBFNN-Based MFAST
Control Law

Inspired by ref. [31], a Lyapunov function is defined as follows:
V(x) = Vi(x) + V2(x) + V3(x) (29)
where
T
i) =¢'P¢
_ 1 T 1 T _ 1 o * 2
Vo) = S AWIAW, + - AW AW, = JZ; (w=w) (30
1 2
Vi) =(1-1)

and

3% -1

¢ =160 = [l signc ) p= 3 1| G

The derivative of V;(x) is given by the following equation:

V16 = 61} + 6°6,4, — 20,0, — (66 + 68 ) + 204 (32)

Since,
1/2
X175, x1 >0
= 33
{1 {_(_xl)l/z, X <0 ( )
Thus,
1 .
. Exfl/le, x1 >0
G=1] (34)
5(—361 )_1/2.7231, x1 <0
Furthermore,
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. 1 _ .
{1 = E|x1| 1/2x1 (35)

Substituting X; in Equation (26) and [¢,¢,] in Equation (31)
into Equation (35) yields the following equation:

.1 )
¢ = 5|x1| 1/2(—21|x1 |Y2sign(x) + X, + p)

1
= 5|x1| 1/2(—2@‘1 +$,+p)

(36)

By considering ¢, =x, in Equation (31) and
X =-f %sign(s)dt in Equation (23) as well as s = x;, the de-

rivative of ¢, can be obtained as given bellow:

s P P2 _
$=Xa= ) sign(x;) = ) Slgn(xl)|x1|1/2 1| 2
Eoo )
= —§|x1| 1/2(|351|1/251gn(xl)) (37

Substituting ¢, = |x,|Y*sign(x;) in Equation (31) into Equa-
tion (37) yields the following equation:

. B2
¢ =—5kal™ (38)

By substituting Equations (36) and (38) into Equation (32), the
derivative of V;(x) is given by the following equation:

I}l(x) = 312§1(§2 =214, +p)|x1|_1/2 - lz§1§2|xl|_l/2

1 L B _
_Zl[igz(gz =2l +p)bal T - §§%|x1| 1/2] +b;

(39)
_ 5 1
=2l Vzbﬂgi 2 + Egg] +bop+ b
=—|x|V2E'Q¢ + byp + by
where,
by = 6lIG; — 21¢,8,, by = |7V (31¢, - 12,)
(40)

_q| 5 -2
Q= ’[—zz 1 ]
At the same time, the derivatives of V5(x) and V;(x) are given as
follows:
. 10 . .
V==Y (w; - wj)m‘;j = —AWIW, — AW'W,
= (41)
Vi) =i(1-1)

Therefore, by combining Equation (39) with Equation (41), the
derivative of V(x) can be obtained as follows:

V()= Vi(x) + V(%) + V3(x)
= —|x|V2"Q¢ + bop + by — (Aw}v'vf + Ang\ivg) (42)
+I(1-1)

Substituting Equation (28) into Equation (42) yields follows:

V(x) = _|x1 |_1/2§TQ§ + bz[(Angg + Egideal)u
+ (AW}Hf + Efideal>] + by
- (AWTW; + AW ) + (1~ 1)
(43)
= —pu["2"Q¢ + (bAWH, - AWIW, )
+ (bzqu'ngg - AWIW,)
- (Egidealu + Efideal)bZ + b + l(l - i)
Inspired by [32], we let
by AW H; — AW[W; =0 buAW;H, —AW; W, =0 (44)

By taking Equation (44) into account, Equation (43) can be
rewritten as follows:

V(x) = =[x |27 Q¢ + by + by +1(1-1) (45)
where,
€= _(Egidealu + Efideal) (46)

Substituting b, and b, into Equation (45) yields the following
equation:

Ve = —bal Qe+ e3P — 1) T
—20¢,¢, +i(1-T)

Let,
6liCT — 21,8, + 1(1 = 1) = k|23, - 18| (48)

Thereby, Equation (47) can be rewritten as follows:

V() = —pa| 7281 Q¢ + ebu |2 (35¢, - )

. (49)
— kb |72 [30°¢, - 16,

Since

Amin(Q)Z'¢ < ¢'QE < Amax(Q)E'E (50)

where Anyin(Q) and Ax(Q) are the minimum and maximum
eigenvalues of Q, respectively.

As a result, from Equation (49), we have the following
inequality:

V() < =Pl Amin(Q)EE + el |TVA(31¢, — 18,)
= k| V2|38, = 18, (51)

Given that ¢; = |x;|"*sign(x;) in Equation (31) is equivalent to
|¢,| = px]"?, Equation (51) can be transformed into the
following equation:
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V) < =18 | Amin(QETE + €[S, |7 (312 1)

L SUNERE'Y (52)
Since,
Il =v/&+& 2 [ (53)
therefore,

V(x) < _||§||_l/lmin(Q)¢TC + 5|§1 |_1(312§1 - lgz) - k|§1 |_1 |312§1 - l§2|
= ~Zmin( QI + ]S, |7 (352, = 18,) — k|6 | T3¢ — 14|

~Amin(QIRIl + [¢1] 7 (e = R(ES, — 18,), 3%, — 1, > 0
—Amin(Q)|I8]| + |§1 |_1(5 + k)(312§1 - 15,), 3¢, - 1¢, <0
(54)

Obviously, it can be seen from Equation (54) that regardless of
whether (31%¢, — I,) is a positive or negative real number, as
long as the inequality k > |¢| holds, one can get the following
equation:

V(%) < =Amin(QII (55)
Matrix Q is positive definite whose analysis is given as follows:

As for Q in Equation (40), its two leading principal minors D,
and D, are given by the following equations:

D, =5P,D,=1-(5P° —4%) =1 (56)

Ifl > 0,then D; > 0 and D, > 0 holds. On the other hand, ifl < 0, it
can be seen from Equation (16) that i(f) = I >0 holds, which
implies that  monotonically increases until [ > 0, thus D; > 0 and
D, > 0 holds. In line with Sylvester theorem, Q is a positive def-
inite matrix, and then Anin(Q) > 0 holds. Consequently V(x) <0
holds. According to Lyapunov theory, the system of Equation (26)
is stable, that is , the RBFNN-based MFAST control strategy can
guarantee the stability of the PMLSM drive systems.

Remark 2. There must exist k such that inequality k > |¢| holds
whose reason lies in that €figeqr and gggear as the minimums of
estimation errors are very small real numbers, and u is a finite
value. Accordingly, |¢| = |egideaitt + Efigear| is @ small positive
real number. Apparently, k is selected such that k > |¢| holds.

Remark 3. The design of the adaptive law of RBFNN weight
matrices is as follows.

Because Equation (44) can be rewritten as follows:

dw; dw,
— = - = 57
dr szf, dr bzqu ( )

Substituting Equation (40) into Equation (57) yields the
following equation:

dw dw,
— = [T2(3P¢, — ) ), —2 = upxa | (3¢, - I,)H,

dt dt
(58)

Further, by considering Equations (31), Equation (58) can be
rewritten as follows:

dw _ .

Tf = P [7V2 (31 e | signxr) — Do )Hy,

dw _ .

Tg = ulx | 1/2(3lz|x1|1/2s1gn(x1) - Ix;)Hy (59)

Substituting Equation (23) into Equation (59) and considering
s = e,,, we obtains the adaptive law for RBFNN weight matrices
given in Equation (9).

Remark 4. The design of the adaptive law of [ is as follows.
Equation (48) can be written as follows.

. =k | V2|38, - 14|
C6lE -2 G+ (1=1)

(60)

Substituting Equation (31) into Equation (60) yields the
following equation:

o =kl |72 [31 | sign(x;) — Do
6l|x1| — 2| [*sign(x )x; + (1 - 1)

(61)
Moreover, by Substituting Equation (23) into Equation (61) and
then considering s = e,,, we can obtain the following equation:
31()2 ey, | sign(ey, ) + 1(t) S *Lsign(e,,, )dt

6l[ey, | + 2s|"*sign(ey, ) S @sign(evm Yt + (1) - 1)
(62)

_klevm|71/2

i(t) =

To guarantee the positive definiteness of Q and thus the nega-
tive definiteness of V(x), we can obtain the final adaptive law of
I given in Equation (16).

4 | Hardware-in-the-Loop Experimental Analysis

To verify the effectiveness and superiority of the proposed
strategy, three PMLSM drive systems, named System 1, System
2, and System 3, were built in the StarSim HIL experimental
platform shown in Figure 3, which consists of a real-time mode
simulator, StarSim software, DSP(TMS320 F28335PGF), 1/0
board, a host computer and an oscilloscope. The speed control
laws for those three systems were RBFNN-based MFAST, con-
ventional STC and AST, respectively. Three systems employed
the identical PI-based vector for inner current loop control. The
nominal parameters of PMLSM and control parameters are
listed in Table 1. The sampling period of the controller was
100us. Fy in Equation (1) was set as 5sin500¢.

4.1 | Comparison of the Control Effects Between
System 1 and System 2

To verify its faster response, higher tracking accuracy and
stronger robustness, System 1 was compared with System 2
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Host computer

FIGURE 3 | StarSim HIL experimental platform.

TABLE 1 | Nominal parameters of PMLSMs and control parameters.

PMLSM parameters Value Control parameters Value

Uyc (inverter DC bus voltage) 500 V ki, k» 0.05, 0.02

R, (stator resistance) 2.6 Q 8o fo 9, —-15

L, (inductance) 26.7 mH ¢1(0) ~ ¢10(0) 3,1,0,-1,-3,0.2,0.1, 0, —0.1, —0.2
M 6.6 kg b1(0) ~ b15(0) 10

Py 0.24 Wb k, 1 0.5, 20

T, Np 18 mm, 1 k, and k; (PI control gains of inner current loop) 80, 100

B 0.2 N-s/m Lytetslstca 1,2

under three different operating conditions. The STC law of
System 2 is designed as follows:

1 . . .
u= g< — L1 |s|1/231gn(s) - / Lytepsign(s)dt — fo + eref) (63)

where Iy, and Iy, are the constant gains with values of 8.3 and
2.5, respectively. gy and fy are calculated by Equation (3) when
the motor parameters are the nominal values given in Table 1.

4.1.1 | Comparison of System 1 and System 2 Under the
Reference Speed Change

Figure 4b and 4c show the response waveforms of v,,,, F, iy, and
ig in System 1 and System 2, respectively, when the load F; is
100 N and the given reference speed v,,.sis a trapezoidal wave
shown in Figure 4a.

Figure 4b shows that although v,, of both System 1 and System 2
could track vy, before and after v,,,..r suddenly rises from —1 to
1 m/s, or suddenly drops from 1 to —1 m/s, the speed response
of System 1 has no overshoot, whereas that of System 2 has an
overshoot of 1 m/s/div x 0.6div = 0.6 m/s. In addition, the
ripples of v,, and F, of System 1 are significantly smaller than
that of System 2 (in steady state, the ripples of v,, and F, in
System 1 are 1 m/s/div x 0.08div = 0.08 m/s and 100 N/
div x 0.3div = 30 N, respectively, whereas in System 2, they are
1 m/s/div x 0.15div = 0.15 m/s and 100 N/div x 0.4div = 40 N,

respectively). Figure 4c shows that the ripples of iy and i, in
System 1 are 1 A/div x 0.3div = 03 and 1 A/
div x 0.4div = 0.4 A, respectively, whereas in System 2, they are
1 A/div x 04div = 0.4 and 1 A/div x 0.6div = 0.6 A,
respectively.

Those results indicate that compared to System 2, System 1 has
a better dynamic and steady-state performance under reference
speed change.

4.1.2 | Comparison of System 1 and System 2 Under
Load Change

Figure 5b and 5c show the response of v, F., iz and iy in System
1 and System 2, respectively, when the given v,,..ris 1 m/s and
the given F) is a rectangular wave shown in Figure 5a.

Figure 5b shows that although the speeds of two systems can
track the reference before and after F; suddenly drops from 100
to 50 N or suddenly rises from 50 to 100 N, the ripples of v, and
F, of System 1 are significantly smaller than that of System 2 (in
steady state, the ripples of v,, and F, in system 1 are approxi-
mately 1 m/s/div x 0.08div = 0.08 m/s and 100 N/
div x 0.3div = 30 N, respectively, whereas for System 2, they are
approximately 1 m/s/div x 0.15div = 0.15 m/s and 100 N/
div x 0.4div = 40 N, respectively). Figure 5c shows that the
ripples of iz and i; of System 1 are approximately 1 A/
div x 0.3div = 0.3 A, whereas for System 2, they are
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approximately 1 A/div x 0.4div = 0.4 A, which means that the
ripples of iy and iy of System 1 are smaller than those of Sys-
tem 2.

Those results demonstrate that because of the smaller ripples of
System 1 than those of System 2, the steady-state performance of
System 1 is better than that of System 2 under load change.

Comparison of System 1 and System 2 under reference speed change.

4.1.3 | Comparison of System 1 and System 2 Under
Permanent Magnet Flux Linkage Change

Figure 6b and 6¢ show the response waveforms of v, F,, igand ig
in System 1 and System 2, respectively, when permanent magnet
flux linkage 9, is increased from 0.24 t0 0.36 Wb at 1 s as shown in
Figure 6a, and load F; is 100 N and the given v,.ris 1 m/s.
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Figure 6b shows that before and after permanent magnet flux
linkage ¥ suddenly rises from 0.24 to 0.36 Wb at 1 s, the speeds of
two systems could track the reference and the ripples of v,,, and F,
in System 1 are approximately 1 m/s/div X 0.05div = 0.05 m/s and
100 N/div x 0.3div = 30 N, respectively, compared to approxi-
mately 1 m/s/div X 0.15div = 0.15 m/s and 100 N/
div X 0.4div = 40 N of that in System 2. Figure 6¢ shows that
before the step change of 1, the ripples of ig and i in System 1 are

Comparison of System 1 and System 2 under load change.

approximately 1 A/div X 0.3div = 0.3 A, compared to approxi-
mately 1 A/div X 0.4div = 0.4 A of that in System 2. After the step
change of 9, there is a step descent of i; in two systems. The
ripples of i; in System 1 are approximately 1 A/
div X 0.3div = 0.3 A, compared to approximately 1 A/
div x 0.4div = 0.4 A of thatin System 2. The ripple of i; in System 1
remains unchanged, whereas the ripple of i; in System 2 in-
creases to 1 A/div x 1.2div = 1.2 A.
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These results indicate that the ripples of System 1 are smaller
than those of System 2 under ¢, change.

By summing up the above-mentioned experiments of the three
operation conditions, Table 2 presents the specification com-
parison between System 1 and System 2. It could be seen from
Table 2 that compared with the conventional STC, the RBFNN-
based MFAST control strategy has stronger robustness against
reference speed change, load variation and permanent magnet
flux linkage change, which is attributed to the collaborative

action of the real-time RBFNN estimator and the AST with
adaptive gain.

4.2 | Comparison of the Control Effects Between
System 1 and System 3

To verify the accuracy and effectiveness of the designed RBFNN
estimator in System 1, it is compared with System 3 under three
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TABLE 2 | Specification comparison between System 1 and System 2.

Operation Ripple of v,, Overshoot of v, Ripple of
conditions System (m/s) (m/s) F, (N) Ripple of i; (A) Ripple of i, (A)
Vmref Change System1 0.08 0 30 0.3 0.4
System2 0.15 0.6 40 0.4 0.6
F, change System1 0.08 0 30 0.3 0.3
System2 0.15 0.35 40 0.4 0.4
¥y change System1 0.05 0 30 0.3 before ¥y 0.3 before ¥y
change change
0.3 after iy 0.3 after iy
change change
System2 0.15 0.35 40 0.4 before ¥ 0.4 before ¥y
change change
1.2 after ¥y 0.4 after iy
change change

different operating conditions. The AST law of System 3 is
designed as follows:

u= é( — 2l(t)|s)*sign(s) — f lz% sign(s)dt — f + ﬁm,ef> (64)

where g and f are calculated by Equation (3)

4.21 | Comparison of System 1 and System 3 Under the
Reference Speed Change

When the load F; is 100 N and the given reference speed vy, is
a trapezoidal wave shown in Figures 4a, 7a and b show the
response waveforms of v,,, F,, iz, and ig for System 1 and System
3, respectively. Figure 7c shows the waveforms of f, § in System
1 and f, g in System 3. Figure 7d shows the waveforms of e,,, and
l in System 1.

Figure 7a shows that regardless of whether Vmrer Sharply rises
from —1 to 1 m/s or drops from 1 to —1 m/s, the waveforms of
v,, of System 1 and System 3 are almost identical, so are the
waveforms of F,. Similarly, it can be observed from Figure 7b
that the waveforms of dg-axis currents of System 1 and System 3
are almost identical.

Figure 7c shows that regardless of whether v, sharply rises
from —1 m/s to 1 m/s or drops from 1 m/s to —1 m/s, ]A‘ and fare
almost identical, so are g and g, which indicates f" and g could
track their true values fand g, respectively. Figure 7d shows that
the speed error e,, almost remains zero, except that there are
relatively large e, at the step change instant of the reference
speed, and meanwhile shows that [ fluctuates around 1, which
indicates that [ could be adaptively adjusted with the change of
e,, in order to track the given reference speed.

Those results indicate that the designed RBFNN estimator is
feasible and effective, which guarantees that the RBFNN-based
MFAST control strategy makes the PMLSM drive system track
the given speed.

4.2.2 | Comparison of System 1 and System 3 Under
Load Change

When v, is set as 1 m/s and F; is set as a rectangular wave
shown in Figures 5a, 8a and b show the response waveforms of
Vms Fe, iq and iy for System 1 and System 3, respectively. Figure 8c
shows the waveforms of f‘, g in System 1 and f, g in System 3.
Figure 8d shows the waveforms of e, and [ of System 1.

Figure 8a shows that the waveforms of v,, of System 1 and
System 3 are almost the same, and so are the waveforms of F.,.
Meanwhile, it can be seen from Figure 8b that the waveforms of
dq-axis currents of System 1 and System 3 are almost the same.

Figure 8c shows that before and after F; suddenly drops from
100 to 50 N or before and after suddenly rises from 50 to 100 N,
f and f are almost identical, so are g and g which indicates f
and g could track their true values f and g, respectively.
Figure 8d shows that the speed error e,, almost remains zero,
and [ fluctuates around I, which indicates that I could be
adaptively adjusted with the change of ¢, in order to track the
given reference speed.

Those results indicate that the designed RBFNN estimator is
feasible and effective, and consequently, the RBFNN-based
MFAST control strategy can be immune to load variation.

4.2.3 | Comparison of System 1 and System 3 Under the
Step Change of Permanent Magnet Flux Linkage

When ) is increased from 0.24 to 0.36 Wb at 1 s as shown in
Figure 6a, and v,,.s is set as 1 m/s and F; is set as 100 N.
Figure 9a and 9b show the response waveforms of v,,, F,, iz and
iy for System 1 and System 3, respectively, and Figure 9c shows

the waveforms of f, gin System 1 and f, g in System 3. Figure 9d
shows the waveforms of e,, and [ of System 1.

Figure 9a shows that before and after step change of ¥, the
waveforms of v, of System 1 and System 3 remain unchanged
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FIGURE 7 | Comparison of System 1 and System 3 under reference speed change.

and are almost the same, whereas their ripples of F, after ¢,
change are slightly larger than those before ¢, change, but their
ripples of F, are almost the same.

Figure 9b shows that after 1 change, there is a step descent of i,
in two systems, but their waveforms of iy remain unchanged.
And the ripples of dg-axis currents of System 1 are slightly
larger than those of System 3.

Figure 9c shows that before and after the step change of ¥y, f“
and f remain unchanged and are almost identical. Meanwhile,
after 3, change, there is an increase of § and g in two systems,
but their waveforms are almost identical. Those results indicate

that f and g could track their true values f and g, respectively
under 3, change.

Figure 9d shows that the speed error e,, almost remains zero. It
shows that [ fluctuates around I, which indicates that I could be
adaptively adjusted with the change of e, in order to track the
given reference speed.

By summing up the above-mentioned experiments of the three
operation conditions, Table 3 presents the specification com-
parison between System 1 and System 3. It could be seen from
Table 3 that their ripples are slightly different, resulting from
the estimation error of the RBFNN estimator. However, the
designed RBFNN estimator is feasible and effective. Thus, the

RBFNN-based MFAST control strategy has strong robustness
against reference speed change, load variation, and permanent
magnet flux linkage change.

Summarising these HIL experiments, we can obtain the
following analysis results:

1. By comparing control effects between System 1 and System
3, the online RBFNN estimator is verified to be feasible
and effective.

2. Without knowledge of any motor parameters, the model-
free MFAST strategy is suitable for engineering
applications.

3. Compared with conventional STC law, the RBFNN-based
MFAST control strategy can not only enhance robustness
against load disturbance but also significantly reduce sys-
tem ripples and improve steady-state performance.

5 | Conclusion

In view of unknown and uncertain parameters as well as load
disturbances, a powerful RBFNN-based MFAST control strategy
was proposed to achieve high precision and strong robustness of
the speed control for PMLSM drive systems. First, as for all
unknown or uncertain parameters and load disturbance, based
on the dynamic model of PMLSM, its ultralocal model was
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TABLE 3 | Specification comparison between System 1 and System 3.

Operation Ripple of v,, Overshoot of v, Ripple of
conditions System (m/s) (m/s) F, (N) Ripple of i; (A) Ripple of i, (A)
Vmref Change System1 0.08 0 30 0.3 0.4
System3 0.05 0 25 0.25 0.3
F, change System1 0.08 0 30 0.3 0.3
System3 0.06 0 25 0.25 0.25
¥y change System1 0.05 0 30 0.3 before ¥y 0.3 before ¥y
change change
0.3 after iy 0.3 after iy
change change
System3 0.04 0 25 0.2 before ¥y 0.2 before ¥y
change change
0.2 after iy 0.2 after iy
change change

constructed. Next, an RBFNN estimator was put forward to
estimate the unknown parameters of the ultralocal model, in
which its weight matrices were adaptively updated online, and
its centre values and widths were iterated by the K-means
clustering method online. Finally, by combining MFAST and
RBFNN estimator, the RBFNN-based MFAST control strategy
was developed and its stability was meticulously analysed.
StarSim HIL experiments verified that the proposed control
strategy can significantly enhance robustness against various
disturbances and improve dynamic performance, while attenu-
ating system ripples. Without knowledge of any motor param-
eters, the proposed model-free strategy is especially fit for
practical engineering. As a result, the MFAST control strategy-
based RBFNN estimator offers a new intelligent method for
PMLSM drive systems.

As the proposed MFAST control strategy is robust to the
parameter and load uncertainties, it can be employed for the
efficient system-level robust design optimization of electrical
drive systems to improve the steady-state and dynamic perfor-
mance [33, 34]. This will be considered in our future work.
Moreover, different machine learning models will be investigated
and compared for the model-free control of electrical machines.
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