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ABSTRACT A robust adaptive backstepping sliding mode control (ABSMC) with recurrent wavelet fuzzy
neural network (RWFNN) is proposed for the speed regulation of a six-phase permanent magnet synchronous
motor (PMSM) demonstrating parameter perturbations and load disturbances. First, a motor drive system
model with lumped uncertainty is developed. Then, a nonlinear robust speed controller using ABSMC
and H, theory is presented. In this technique, ABSMC is employed to guarantee the speed tracking and
parameter perturbation suppression; meanwhile, nonlinear Hy, is utilized to minimize the influence of
dynamic load disturbances on its tracking output. In addition, an uncertainty observer based on the RWFNN
is designed to estimate the unknown and improve the robustness of motor drive system further. Ultimately,
simulations and AppSIM simulator-based experimental results both indicate that the proposed control
scheme can perfectly compensate the parameter perturbations and load disturbances while maintaining speed
tracking precision.

INDEX TERMS Permanent magnet synchronous motor (PMSM), adaptive backstepping sliding
mode (ABSM), nonlinear robust control, recurrent wavelet fuzzy neural network (RWFNN), uncertainty

observer.

I. INTRODUCTION

Recently, permanent magnet synchronous motors (PMSMs)
have been extensively applied in many fields such as
numerically-controlled machine tools, aerospace, ship
electric propulsion for its advantages like compact struc-
ture, simple control, high power density [1], [2]. Compared
with traditional three-phase motors, multiphase PMSMs have
incomparable strengths, for instance, high output power
with low voltage, high system reliability, small torque
ripple etc. [3], [4]. Therefore, it is of great theoretical signif-
icance and practical value to study the speed control system
of a six-phase dual Y shift 30° PMSM.

The classical proportional integral (PI) control technique is
universally employed in the current six-phase PMSM system
due to its high reliability and simple implementation [5].
However, linear PI controller cannot eliminate its dependence
on the plant model and parameters; especially, the internal
parameter perturbations and external disturbances (called

lumped uncertainty), which occur in the applications of six-
phase PMSM system. It is difficult to meet the requirement
of high-performance speed control needed for the nonlinear
drive system. Therefore, advanced nonlinear control methods
such as robust theory [6]-[8], predictive control [9], [10],
sliding mode control [11], [12], backstepping tech-
nique [13], [14] and intelligent algorithm [15]-[17] have been
introduced into the motors control system.

Backstepping is a systemic and recursive design method
for nonlinear feedback control. As for the uncertain PMSM
drive system, the adaptive backstepping control, that com-
bines backstepping technique and adaptive theory, is gen-
erally adopted, as it can reduce the design burden on the
stability control and parameter estimation [18]-[21]. Sliding
mode variable structure control is highly robust and has high
control accuracy for internal parameter perturbations and
external disturbances [22], [23]; however, it has limitations
of inherent chattering and the need to meet the matching
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conditions of disturbances. In order to improve the robust-
ness of adaptive backstepping strategy and overcome the
disturbance-matching limitation of sliding mode control, the
adaptive backstepping sliding mode control (ABSMC) algo-
rithm has been developed and utilized in the motors control
system [24]-[26].

The wavelet fuzzy neural network (WFNN), a combi-
nation of the merits of fuzzy neural network for learning
from process and wavelet decomposition for identification of
dynamic system, has been proved to be better than the other
neural networks in that the structure can provide more poten-
tial to enrich the mapping relationship between inputs and
outputs [13], [27]. Since most of the practical applications are
dynamic, the recurrent structure has been added into WFNN
to enhance its ability of dynamic mapping and temporal infor-
mation storage [28], [29]. As a novel universal approximator,
recurrent wavelet fuzzy neural network (RWFNN) can esti-
mate the parameter perturbations and unknown disturbances
to realize real-time compensation of lumped uncertainty in
the PMSM drive system [3], [15], [16].

Recently, many researchers have been investigating the
modeling methods of multiphase motors and the ABSMC
techniques for three-phase motors [30]-[37]. However, in
the forementioned six-phase PMSM system design for the
speed loop, usually a first-order model is used to approx-
imately describe the relationship between the reference
q axis currents and the speed output, by neglecting the
dynamic responses of the q axis current loops, thus degrading
the closed-loop control performance [3], [11], [38], [39].
Further, in the presence of unknown load disturbances, with
wide range of changes and fast variations, the characteristic
of ABSMC-based methods will be affected by assuming
load torque as a slow-varying parameter. Additionally, since
six-phase motors have problems in double controlled quantity
and coordinated allocation of stator currents on the d-q axis,
it is difficult to directly promote control strategies for three-
phase motors to the six-phase PMSM regulation system.

The contribution of this study is to develop an
AppSIM simulator-based nonlinear robust ABSM controller
with RWFNN uncertainty observer for the speed regulation
of a six-phase PMSM drive system under the lumped uncer-
tainty. In the paper, a mathematical model in the synchronous
rotating reference frame is introduced first, which considers
the parameter perturbations and load disturbances. Then, with
the implementation of field-oriented control, a robust ABSM
controller, that takes the integration of the speed loop and
current loops with load disturbance rejection into account,
is presented to compensate the uncertainty while maintain-
ing speed tracking. In the proposed technique, ABSMC is
employed to guarantee the speed tracking and parameter per-
turbation suppression. Meanwhile, nonlinear Hy, is utilized
to minimize the influence of dynamic load disturbances
on its tracking output. Furthermore, to improve the
anti-interference robustness and parameter insensitivity,
a RWFNN observer is proposed for the real-time uncertainty
compensation, and the online learning process of network
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parameters is designed. The anti-interference robustness is
defined as the effect of lumped uncertainty on the speed
response for the PMSM drive system. Likewise, the param-
eter insensitivity implies avoiding parameter tuning prob-
lems arising during the estimation of uncertain information.
In addition, the proposed control scheme is implemented
in an AppSIM real-time simulator and the validity of the
proposed control algorithm is verified by the simulations and
experimental results.

This paper is organized as follows. Section Il introduces the
mathematical model of a six-phase PMSM system suitable
for controller design. Section III presents the design details
of nonlinear robust speed controller and stability proof using
the Lyapunov stability criterion. The effectiveness of the con-
trol scheme is verified through simulations and experimental
results in Section IV and V, respectively. Related conclusions
are given in Section VI.

Il. MODEL OF SIX-PHASE PMSM DRIVE SYSTEM
The mathematical model for a six-phase dual Y shift
30° surface-mounted PMSM in the synchronous rotating
d-q coordinates mainly consists of the stator voltage equation,
the stator linkage equation, the electromagnetic torque equa-
tion, and the mechanical motion equation. The stator voltage
equation can be expressed as

. dyai
uq1 = Riig1 + o npwYg1

. 1
Uugt = Ryigt + —= + npyoar

. a2
uq2 = Rign + o oL

ey

. 2
ugy = Rsign + d_l‘q + o
The stator linkage equation is shown as
Va1 = Laiq1 + Lingiar + ¥y
wa = Lqiql + Lmqiq2 (2)
Va2 = Lnaia1 + Laiax + ¥y
‘/qu = Lmqiql + LqiqZ

The electromagnetic torque equation can be written as

3n, . . . .
T, = == (Vaiiqr + Yazigz — Yqria1 — Ypia2)  (3)

2
The mechanical motion equation is given by
dw
Te_TL_wa:JZ (4)

where ug, and ug, refer to the d-q axis voltages of the nth
set of stator windings and n=1 or 2; iy, and iy, are the
d-q axis currents of the nth set of stator windings; ¥4, and
Y4n are the d-q axis flux linkages of the nth set of stator
windings; Ly and L, refer to the d-q axis inductances (Ly; =
Ly, = L); Ly and L, are the d-q axis mutual inductances
of the two sets of stator windings (Lyug = Lug = Ln); Ry is
the stator resistance; 7, is the number of pole pairs; v is
the flux linkage of permanent magnet; T, and T, are the
electromagnetic torque and load torque, respectively; B,, is
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the friction coefficient; J is the moment of inertia; w is the
rotor angular velocity.

For the speed controller design, the rotor angular veloc-
ity and the stator currents are chosen as state variables.
According to equations (1) - (4), the state space model of the
six-phase PMSM drive system can be written as the following
equation.

dw 3n . . T, B
d =y Wl i) = - e
dig . . .
g T Yidn — yauaz = V1Rsiq1 + yaRsian + npwig
diql . . .
7 = YilUgl — Y2Uq2 — Vlelql + V2Rslq2 — npwig]
— V3npwyy ©)
digs . . .
g T Va2 = yauai = V1Rsiq2 + yaRsia1 + npwign
diq2 . . .
7 = Yiug2 — V2ugl — ViRsigp + v2Rsiq1 — npwiqn
— V3mpwiy

L L 1
where y| = ) = 2 3 = )
Y Lz_ern,V Lz_Lan’y L+L,

Due to various parameter perturbations and load distur-
bances in the complicated environments of the six-phase
PMSM drive, one redefines the state equation in the following
matrix form to realize online real-time estimation of system
uncertainty.

dx
a = fv () + Af (x) + gx)u (6)
where
_ . . . . T
x=lo in ig i igl,
Ty
T
u=lugr ug usx upl, d=-—,
Ny ain(ig1 + i) — aovw
i) —asnigi + asnidz + npwigi
Inx) = | fnz | =|—asnigt + asnip — npwiqi — anvw |,
q q
Ina —asniqga + asniql + npwig
| fis —asyigp + agNigl — Npwigy — aIN©®
0 0 0 0
asy 0 —asn 0
gx) = 0 asn 0 —asy |,
—a4N 0 asy 0
0 —a4N 0 asn

Af (x)
Aaiy(ign + i) — Aapyw — d
—Aasnigl + Aagniqy + Aazyugr — AasNug?

= [ —Aasnigl +Aasnip — Aarnw+ Aazyugl — Adanug |,
—Aasyigy + Aaenigr + Aasyugyr — Aasyugi
—Aasyig+Aagniql — Aary o+ Aazyugy — Aagy g

3n, " B,
a) = —— y an = -, ar = s aqs = s
1 oy V@2 3=V, a4 =2

J
as = V1R, ag = V2R, a7 = yanpyy,

a; = ajy + Aan,
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In the above, the subscript “N’* stands for the nominal value
of the parameters and the symbol “A’ represents the pertur-
bation factor in the parameters.

The variable 6 is introduced as

0 =[Aaiy Aaxn Aary]"

By substituting the expressions for fy(x), g(x) and Af(x)
into equation (6), the mathematical model of six-phase
PMSM system, suitable for the robust ABSM controller
design, is obtained as follows.
dw
— = +60Ta; —d
7 i 1
digi
ar = fv2 + aznuar — asnuaz + 07 oy
dig1 T
I =fn3 + asyug — asyug + 6" a3 7
dig

dt
diqz
dt

= fva + asnuaz — asyuqr + 07 ay

T
=fn5 + asnug — asyug + 67 as

where

— T
o]

o2
a=|03
a4
o5

Cigi+ip —@ 0 0 0 0 0

0 0 wug1 —ugpp —ig1 igz O
= 0 0 up —up —ig ip —o

0 0 wuax —uar —iaz i;1 0O

0 0 up —upn —ip iy —o

Ill. DESIGN OF SPEED CONTROLLERS
A. DESIGN OF THE ROBUST ABSM CONTROLLER
The control objective of the six-phase PMSM speed reg-
ulation system is that the designed controller can guaran-
tee the high performance of speed trajectory tracking and
lumped uncertainty suppression. The proposed nonlinear
robust speed controller using the ABSM method and Hy, the-
ory is presented and described step by step as follows.

Step 1: To design the speed controller, the speed tracking
error and its time derivative along the solution trajectory of
system (7) are defined as

by =w— "

de,, dw* (8)
- _ 0Ty —d —
o v +07 =

where ™ is the speed reference trajectory.

Y

2
The first Lyapunov stability function is chosen as V| = .
2

Define the energy function H; = % + %(Ilewll2 —y2d11%),
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thus
do* 1
Hy = eo(fv1 +07ay —d — )+ §<||ew||2 —y*ldl?
1
= —(ko — 2 z)ei + ewlain(igy + i) — anw
do* Y ewn V:
0Ty — kpewl— (5d + =) —-d* (9
+ o1 di + kpew] (2 +)/) 4 ()

where k, — 1/y? — 1/2 > 0 is a positive constant, and
y > 0 is the effect attenuation constant of load disturbances
on tracking error in L, space.

Accordingly, the ideal pseudo-control inputs and tracking

errors of stator currents on the q axis are adopted as

ES
s
gl = g2

(ayw — 0Ty + —kypew)

- 2ain

. -
egl =g — I

AT T g (10)
eqr =i —ip

where § refers to the estimated value of the uncertain
parameter 6. Note that the estimation error 8 = 6 — 6, and
then it follows

1 I, ~r
Hy = —(ky — 2 5)6“’ +eulain(eqr +eq1) — 0" 1]

2
Y €w . 2 )
~Fasep Y2 1
Gd+ 7 - Tea

Step 2: With the implementation of field-oriented control,
the ideal pseudo-control inputs and tracking errors of stator
currents on the d axis are adopted as

s s
g1 =igp =0
. .*
edl1 =141 — 1
. a 12)
€d2 =142 — Lo
To ensure the speed tracking performance and uncer-

tain disturbance rejection ability, the augmented Lyapunov
function V5 is selected as

V2:V1+§Sd] +§Sd2+zsq1 +§s(12+§9 P9 (13)
where P denotes a positive definite symmetric matrix.
Sd1, Sa2, 41, and sy are the integral sliding surfaces corre-
sponding with ey1, eq2, 41, and ey respectively, which are

defined as follows.
t

Sd1 = eq1 +kd/€d1df

0
t

Sq2 = eq2 + Ag / eqdt
0 (14)

t
Sq1 = eq1 +kq/€q1dt
0
t

s =ep+ A | epdr

S

where A4, A, are the sliding surface gains.
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Define the function Hy = 92 + L(Jle,|I> — y2 |d|?) for

the closed-loop system, and it holds that

dsq1 dsgo dsq1
Hy=H e . L
2= ST s Sy,
dsgp  ~p dO
i e
+Sq2 d ] + ] dt
= —(ko — —5 — 5)€, — kasiy — kasgy — kqsél - kqsiz

_ v =) )
P e
— ko676 — (gd + 7”)2 — %dz +aiveq(eqr +eq1)

AT

+sa1(fva + asyuqr — asnugr + 0" oz + Ageqi
AT

+kasa1) + sax(fva + asnugr — asyugr + 0" oy

+ Ageqr +kasaz) + sq1(fns + azyugr — asyug
3k

. dlql
+0 az — 7 + kqsql + )\qeql) + SqZ(fNS + asnugp
AT diZZ 5T
—asNug + 0" as — r + kysqp + hgeqn) + 6

deo 7]
x (PE — Cwl] 84102 = 5204 — 54103 =525 kg )
15)

where kq, kg, and kg refer to positive constants remaining to
be designed.

Thus, to guarantee the practical stability operation of six-
phase PMSM closed-loop system, the nonlinear robust con-
trol law is designed as follows.

-1
Ud1 = 35—
4N T YN
asnfva + ainfiva + 07 (asyon + asvas)
L+ )»dl(ayv ed1 + asneqr) + ka(asnsar + asnsaz)]

X

Ugp = ———5—
2 2
A3y — Ay
asnfva + asnfva + 07 (aanan + asya)
L+ )\ai(a4Nedl +azneqr) + kq(asnsq1 + asnsaz),

X

Ugl = —5—>—
q 2 2
A3y — Ay -
asNfns + asnfns + 07 (asyas + asayas)
« |+ kq(a31§{ksq1 + a4N§£2) + Ag(asneqr + asnegn)
. dlq1 . dzq2
—asN—— — Q4N ——
-4 dt dt
Up = —————
q 2 2
A3y — dan -
asnfnz + a3nfus + 0" (aayaz + azyas)

o« | Tkglaansgr + asnsqg) + Aglasneq + asneqn)
M ¥
. dlql . dzq2
—aAN—— —a3N——
dt dt

(16)

Then, the update law for the uncertain parameters can be
estimated as

do N

— = P Newa1 + sa102 + sapas + a3 + spas — kgb)
(17)
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Substituting equations (16) and (17) into (15), the expres-
sion for H; can be simplified as

11,
Hy = —(ky — — — 3)¢}

2 2 2 2
2 )% kasgy —kasgy = kgsq1 — kqsgp

~T ~ 14 €w . n V2 2
—kgB' 6 — (Ed + 7) — Td + ainew(eql +eq1)

y e
— _Z’{QZI - ZgQZZ —_ kdsczll — kds(212 — (Ed + 7‘”)2
~ ~ J/z
— ko0 — -d* <0 (18)
! '
where 21 = [epeq [eqdtll, 2 = lewepn [epdt]’;

0 0
Q is a positive definite matrix with the following form.

ky/2 —1/2y% —1/4 0 0
Q = —aiN kq 0
0 2kghg  kghy

Redefine the Lyapunov function V = 2V5, and it follows
readily

av A%} 2 5
— =2—< dll“ —
r a =V Il

In turn, it can be shown that the consequent dissipative
inequality (20) for a six-phase PMSM closed-loop system
is obtained by integrating the both sides of inequality (19).
Hence, the PMSM drive system has L, gain from the load
disturbances to its tracking error.

llewlI* (19)

t
V() — V(0) < / @2 Id1I* = llew1P)dt (20)

Remark 1: The physical meaning of dissipative inequal-
ity (20) is that all increased energy of six-phase PMSM drive
system is always smaller than or equal to the ones from
outside for any final time ¢ > O, i.e., the energy of six-phase
PMSM system is decreasing.

In view of the dissipative inequality (20) holding, one
can conclude that the closed-loop system is asymptotically
stable as d = 0, furthermore, the L, gain from the load
disturbances to the tracking error of drive system is smaller
than or equal to y as d # 0. Therefore, with the tracking and
estimation errors close to zero as t — 00, L gain for the
load disturbances uniformly bounded with constant y, it can
realize the targets of speed tracking and disturbance rejection.
Based on the above analysis, the block diagram of the robust
ABSMC for the six-phase dual Y shift 30° surface-mounted
PMSM system is shown in Fig. 1.

B. DESIGN OF RWFNN UNCERTAINTY OBSERVER

Considering that it is difficult to gain information on the
lumped uncertainty 6 during the practical applications of
six-phase PMSM system, the on-line estimation compensa-
tion of the parametric perturbations has a significant effect
on the control performance. Although the update law of
the uncertain parameters shown in (17) can be implemented
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FIGURE 1. Block diagram of six-phase PMSM drive system using robust
ABSM controller.

o* Nonlinear Robust

ABSM Controller

=

to achieve the convergence requirement of tracking error
in the robust ABSMC law, this adaptation method has the
problem of parameter tuning during the estimation of uncer-
tainty information, which needs to be resolved by trial and
error. In addition, this method cannot provide enough anti-
interference robustness in practical applications. Therefore,
a RWFNN uncertainty observer is proposed for the real-
time estimation of the unknown in the following section to
alleviate the aforementioned drawbacks.

The architecture of a five-layer RWFNN including the
input layer (layer 1), membership layer (layer 2), rule
layer (layer 3), wavelet and consequent layer (layer 4), and
output layer (layer 5) is shown in Fig.2 [15]. The signal
propagation and basic function in each layer of the RWFNN
are introduced below.

1) Input layer: For every node in this layer, directly con-
nected to various components of the inputs, the node input
and output are represented as

netil = xl.1
1 1 1 1. 2D
y; =f; (net}) =net;; i=12
where x! = [xll le]T = [e, de“’]T refers to network

input variables.

2) Membership layer: In this layer, each node performs
a membership function. Assuming Gaussian function as the
membership function, one can gain the input and output of
the jth node.

(yll - Cij)2
(by)? (22)
yizj =f2(net§) = exp(netl%); j=12...m

2 _
netl-j——

where ¢;; and b;; are the mean and the standard deviation of the
Gaussian in the jth membership function node with respect to
the ith input variable, respectively; and m is the total number
of nodes in the membership layer.

3) Rule layer: Each node in this layer is denoted by [],
which multiplies the input signals and outputs the result of
product. For the kth rule node in this layer, the input and
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Input Layer Membership Layer Rule Layer
/ \ 7/

Output Layer

Wavelet and Consequent layer

FIGURE 2. Network structure of RWFNN.

output are expressed as

netk = 1_[ kyl] 23)
n —f3(netk) =net}; k=12...n

where the connecting weight ij’ selected as the unit func-
tion, is the output action strength of the kth rule associated
with the jth membership note; n = m? is the number of rules
with complete rule connection if each input node has the same
linguistic variables.

4) Wavelet and consequent layer: In the paper, the Gaussian
wavelet function is adopted as a mother wavelet. Considering
the recurrent structure, the input and output of the wavelet
layer are

4 _ .1

net; = Xx;

Uik =X} + LikQik

o = (M= tik)exp[—(uik - tik)z] ”

l dit 2d3 @4
5
= H Pik

i=1

where t;; and d;; are the associated translation and dilation
parameters of the wavelet function, respectively; and w; is
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the recurrent feedback gain for dynamic information storage.
Afterwards, the output of the consequent layer can be written
3 4
as yp vy
5) Output layer: As the terminal layer of the RWFNN,
the output layer is labelled with ), which will compute the
overall output as the summation of all input signals. The final
output of the network is

n
”664 = Wuyi
k=1 (25)
=fHnet}) =net}; 1=1,2...7

where w;(‘l refers to the weight between the network output
layer and the consequent layer node.

The error function of the uncertainty observer utilizing the
RWENN is defined as

E=0676,2 (26)

where 6 = 6 — 6 is the approximation error of the network.

The wavelet function and membership function param-
eters can be adjusted through the chain rule and gradient
descent method, generally referred to as the BP learning
algorithm. Therefore, the update laws of parameter adjust-
ments in the membership and wavelet layer are designed as
follows.

1) Output layer: In this layer, the error term to be propa-
gated is calculated as

=" =———=—0" 27)
! Y 390 90 (

2) Wavelet and consequent layer: The error term to be
propagated is given by

842_8_E=_8—Eﬁ :85[Wk1...Wk9]Ty3 (28)
CTT0E T Teba '

and the parameters of the wavelet function are updated by the
amount

OE AE 3y} dgi 0zi
Aty = —p 2B _ _ OE B Do Dz
otk dyy 0@ik 0zik Otik
n8éyﬁ 1
= (— —ziv)
die
oE E)E dy; 0 d
Ady = — 28—, 2F Vi 39k 9zik
adix afﬂzk 0Zik adtk
(29)
- _"‘S"y"(l -3
dlk lk
OE AE 3y} dgn dzin
Apig = —n— = 8 B Dz Ok
3Mik 00k dzik ik
LY Qi
_ kdk i (__ )
ik Zik
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The parameters in the wavelet layer are updated according
to the following equation.

tikN) = tig(N — 1) + Aty + a(tigN — 1) — tig (N — 2))

dixg(N) = dig(N — 1) + Adjx
+a(dg(N — 1) — dy (N = 2))
Hik(N) = (N — 1) + Apix

+oa(uip(N —1) — puix(N —2))
(30)

where the factors n and « are the learning rate and inertia
term, respectively.

3) Rule layer: In consideration of the constant connecting
weight wfk, only the error term needs to be computed and
propagated

g _DE __9E 30
o %%

—S[W
ayi 8933 i 1y1

AU EI
4) Membership layer: The error term to be propagated is
given by

3 3
52—_8_E__8_Eaﬂ_53y_k
i= = =0k

(32)
vy Ay v

By using of the chain rule, the parameters in this layer are
updated by the amount

A 9E 8E dyy; onet}
Cii = —N—— =
U P 8y” dnet; ey
2 22()’} Clj)
P2
Y (33)
Ab— 9E 8E ayl] Bnetl%
v nabij B 8y 8net2 abjj
22207 — €i)” o’
U3
)

The update laws of parameters in the membership layer are

Cij(N) = ¢ij(N — 1) + Acjj + a(cij(N — 1) — ¢;;(N — 2))
bii(N) = bjj(N — 1) + Abjj + a(bjj(N — 1) — bjj(N — 2))
(34)

A large learning rate 1 can reduce the required learning
time of the network, but it may cause oscillation in the
learning process due to the excessive adjustment of gradient
descent method. Based on the approximation error index
function, an adaptive learning rate adjustment algorithm is
presented as follows.

nN+1)=1.1np(N) if EIN+1)<E(N)
n(N +1)=0.8nN) if EIN+1)> 1.05E(N) (35)
n(N + 1) = n(N) else
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To develop the adaptation update law for the RWFNN
uncertainty observer, the network output ¢ and minimum
approximation error fin can be defined as

6=wlr
Omin = WIT —0 (36)

where I’ = [y1 y1 yny4]T W, is the optimal weight vector
that achieves the minimum approximation error.

The following Lyapunov function V3 is chosen to prove the
stability of the proposed control system.

Vi= Vi 4 i +12+12+12+1HWH2 (37)
s ) ) =5 —
3=V 7°d1 T 5%d2 T 5517 592 201
In view of |[W|? = or(WTW), augmenting the energy

function Hy = 43 + L(Jle,lI> — 2 |d||*) and using the
designed control law shown in (16), one can obtain

]/ [4
Hy = —21 Q21 — 2 020 — kas?| — kas?y — (7d+ 7“’)2
~ 12
PR
4 201 dt

— 07 (a1 + sa102 + 54204 + 54103 + Sp05)

14 e
= —71Qz1 — 2300 — kdsfi1 — kdsflz — (—d + 760)2

2
— J/_dz
4

m1n

(38)

1 Ty,
o ((—) W — o KTTW) - 6%, K

where K = eyo1 + Sq102 + sq204 + 54103 + 50053 W =
W — W, is defined as the estimation error of the network
weight; p1 is a positive constant.

The following adaptation update law for the network
weight estimation is

w T
- =K (39

Thus, the energy function H3 is uniformly bounded with
the bounded norms of émin and K as t — oo. In addition,
the RWFNN structure should be optimized such that Bemin
is sufficiently small to guarantee H3 < O for the practical
stability operation of six-phase PMSM closed-loop system.
Fig. 3 shows the block diagram of the robust ABSM controller
based on the RWFNN uncertainty observer.

Remark 2: 1t is noted that the compensation mechanism of
unknown parameters is derived from the universal approxi-
mation property of the RWFNN shown in (25) and (39), other
than the adaptation method shown in (17). That is to say, the
RWEFNN observer actually substitutes for the adaptation tech-
nique in the ABSMC with RWFNN to improve the robustness
and parameter insensitivity. Additionally, the proposed non-
linear controller with the robust ABSMC law and RWFNN
uncertainty observer can ensure that the speed tracking error
tends to zero, but it does not imply a convergence of the
lumped uncertainty estimation to its real value.
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FIGURE 3. Block diagram of robust ABSM controller with RWFNN
uncertainty observer.
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TABLE 1. Specifications of six-phase PMSM.

Parameter Value
Rated Power (PN ) 3.1 [kW]
Rated Speed (nN ) 1000 [r-min™"]
Rated Torque (TN ) 30 [N.m]
Number of Pole Pairs (npN) 4
Damping Coefficient (BWN)  0.001 [N.m/(rad/s)]
Stator Resistance (RsN) 2.875[Q]
Stator Inductance (LN) 8.5 [mH]
Mutual Inductance (LmN) 8 [mH]
Flux Linkage((sN) 0.175[Wb]
Motor Inertia (JN) 0.08 [kgm?]

IV. SIMULATION RESULTS

To demonstrate the validity of the proposed control strat-
egy, simulations on the six-phase dual Y shift 30° surface-
mounted PMSM speed drive system have been performed
using Matlab/Simulink software. The voltage source inverter
is represented by its equivalent model so that switching
effects are not considered. Table 1 shows the nominal param-
eters of the six-phase PMSM used in the simulations.

In consideration of the influence on the speed regula-
tion and current responses under the parameter perturbations
and load disturbances, the uncertainty parameters introduced
in the six-phase PMSM drive system are set as follows:
Ry = 12Rw, L = 12LN, Ly, = 12L,uN, J = 1.5Jy,
Yy = 0.8Yyy, and B, = 2B,y. The simulation results
of the robust ABSM controller with the speed reference
command n* = 1000r - min~' and different load torque
terms for piecewise constants and fast variations are given
hereinafter, respectively. More specifically, to present the
effect of the electromagnetic parameter variations (R, L,
and L,,) on the dynamic responses of the stator currents
(with i1, ig1 as the cases), Figs. 4 and 5 depict the simulation
comparison results of the stator current tracking under the
nominal parameters and uncertainty parameters. Likewise,
the effect of the mechanical parameter variations (J, B,,) on
the dynamic speed response for the PMSM drive system is
also presented in Figs. 4 and 5.

From the simulation results shown in Figs. 4 and 5, it can
be observed that despite the influence on the speed regulation
and current responses under the parameter uncertainty and
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FIGURE 4. Simulation under robust ABSM controller with piecewise
constant load. (a) Speed reference and response. (b) Speed error.
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external load disturbances is severe, the system speed, stator
currents, and electromagnetic torque still possess the good
steady and dynamic features, such as the steady state error
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FIGURE 7. Simulation under robust ABSM controller using RWFNN
uncertainty observer with piecewise constant load. (a) Speed reference
and response. (b) Speed error. (c) iy, reference and response.

(d) iql reference and response. (e) Load and electromagnetic torque.

close to zero, short settling time, high control accuracy, and
obscure oscillation etc., which indicates that the proposed
nonlinear speed controller using the robust ABSMC method
has the ability to realize speed tracking and uncertain distur-
bance suppression. It is worth mentioning that the effect of
load disturbances on tracking output is attenuated apparently,
whether it is with wide range of changes or fast variations.
In addition, the results, shown in Fig. 6, reveal that the
uncertainty adaptation law can completely compensate the
parameter perturbations. Its estimated value for uncertain
parameters (with 61, 67 as the cases) can gradually converge
to the real value.

In order to verify the effective approximation characteris-
tics of the RWFNN, the simulation results of the ABSMC
with the RWFNN uncertainty observer (the simulation and
uncertainty conditions are the same as above) are depicted
in Figs. 7 and 8. Note that the effect of the parameter vari-
ations on the dynamic speed and current responses is also
given hereinafter. Likewise, the main difference between
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FIGURE 8. Simulation under robust ABSM controller using RWFNN
uncertainty observer with fast-varying load. (a) Speed reference and
response. (b) Speed error. (c) iy, reference and response. (d) iql reference
and response. (e) Load and electromagnetic torque.
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FIGURE 9. Simulation comparison of uncertainty parameters estimation
with two control schemes. (a) Parameter ¢, with its estimated value.
(b) Parameter ¢; with its estimated value.

two proposed methods lies in the on-line adaption mecha-
nism of unknown parameters, and the estimation processes
(with él , 97 as the cases) of both control schemes are provided
simultaneously for a comprehensive comparison in Fig. 9.
Simulation results indicate that the robust ABSM
control law with the RWFNN uncertainty observer can guar-
antee high speed tracking precision and uncertain disturbance
rejection, i.e., speed response has a smaller tracking error in
the uncertainty conditions compared with the speed controller
proposed above. Besides, when there are load disturbances
with wide range of changes or fast variations, the dynamic
responses of system torque have the smaller overshoot, which
can relieve electromagnetic impact and mechanical damage
caused by excessively large and long overshoot. It can be
found that the compensation mechanism adopted by the
RWENN cannot guarantee a convergence of the lumped
uncertainty estimation to its real value, but a bounded esti-
mation error. However, the interference robustness of the
PMSM system is not affected much. Therefore, with the
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(a) (b)

FIGURE 10. PMSM prototype system experimental platform. (a) Two
inverters. (b) Two PMSMs and speed-torque sensor. (c) AppSIM simulator.

RWEFNN uncertainty observer, the robust ABSM controller
can effectively improve the anti-interference robustness and
parameter insensitivity of the six-phase PMSM drive system.

V. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SYSTEM SETUP

To practically evaluate the actual performance of the pro-
posed control scheme, a prototype PMSM speed control
experimental platform is built and tested using AppSIM real-
time simulator (the specific parameters of six-phase PMSM
prototype system are the same as above, listed in the Table 1).
As shown in Fig. 10, the realized system is composed of a
personal computer (PC), an AppSIM simulator, a PCI signal
acquisition board with an A/D-D/A card, two inverters and
PMSMs of the same type. The speed regulation PMSM cor-
responding with the first inverter tracks the speed reference
trajectory given by the upper computer. The loading PMSM
connected to the speed regulation PMSM is controlled by the
second inverter to realize the load torque simulation of the
motor drive system. As the system controller, the AppSIM
simulator mainly performs the operation of algorithm imple-
mentation, generation of SVPWM wave and communication
with the PC.

In the proposed control system, all the programs are
developed using the ‘Matlab’ language in the AppSIM sim-
ulator environment and then compiled into the ‘C’ and
‘Assembly’ languages for the implementation of the IGBT
modules-based inverter. In the real-time control procedure,
input/output and network initialization parameters are set
first. Then, the programs with 1ms sample interval of the
speed control loop are used for the speed-torque sensor
(the minimum speed measurement of the JN338 sensor used
in the experimental setup is 0.5%*F - S = 1500%0.5% =
7.51- min~!) and the signal acquisition board. Next, the track-
ing errors and current commands are generated according to
the presented control algorithm. The sampling interval of the
current control loops is set as 0.1ms for reading the stator
currents and computing the voltage commands. Ultimately,
the calculated commands of SVPWM technology are sent
to the inverter of six-phase PMSM speed drive system. The
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TABLE 2. Experimental results of motor system under piecewise constant
load disturbance.

Controllers RABSM+

Indexes PI ABSM  RABSM RWENN
0.00-0.35s  0.33 0.26 0.24 0.22
Ts (s) 0.35-0.55s  0.15 0.08 0.05 0.03
0.55-0.75s  0.17 0.13 0.08 0.07
0.00-0.35s  1.08 2.52 1.04 0.57
O (%) 0.35-0.55s  3.26 1.97 1.50 0.91
0.55-0.75s  3.56 2.83 3.05 3.08
Es 0.00-0.35s  1.03 0.17 0.13 0.13
(t/min) 0.35-0.55s 20.2 9.64 7.01 4.12
0.55-0.75s  21.1 16.1 10.3 6.15

parameters and specifications of the LK600 inverter adopted
in the PMSM drive system are summarized as follows: rated
power Py, = 3.7kW, rated alternating voltage Uj,y, =
200-230V, rated current Iy = 17A. Moreover, the DC-bus
voltage is 400V and the sampling frequency of SVPWM (also
called the switching frequency of inverter) is set as 10 kHz.

B. EXPERIMENTAL RESULTS

In order to validate the speed control performance of the
proposed ABSMC and the anti-interference robustness of
the RWFNN observer in the condition of the dynamic load
perturbations, the following test cases are designed with
the different load torque terms for piecewise constants and
fast variations. The startup procedure of the drive system is
implemented when the reference speed is given as
1000r - min~" with no-load test first. With the system running
at a steady state, different load torque terms for piecewise
constants and fast variations are added to the system suddenly
at t = 0.35s. Hereafter, the reference speed command
is decreased from 1000r - min~' to 800r - min~! at t =
0.55s. For a comprehensive analysis of the control perfor-
mance, the experimental results of the motor speed, q axis
current, and torque responses obtained using the PI con-
troller, traditional ABSMC, and two proposed controllers
(RABSMC and RABSMC+RWEFNN) are presented in
Figs. 11-12. In addition, there are some performance indexes
introduced in this work, such as settling time (Ts), over-
shoot (0), steady state error (Es), and ripple coefficient (Rc).
And a comparison of performance indexes on the four meth-
ods are provided in Tables 2-3. Additionally, to measure
the control performance of the proposed control scheme on
the whole, the maximum tracking error T,,,, the average
tracking error Ty, and the standard deviation of tracking
error Tyq for the speed trajectory tracking are introduced as
follows [11].

Tina = max |eq(nT)
1<n<N
N
> lew(nT)|
=1

Ty = - N

N
> llew(nT)| — Tal?

n=1

N
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TABLE 3. Experimental results of motor system under fast-varying
load disturbance.

Controllers RABSM+

Indexes P ABSM  RABSM RWFNN
0.00-0.35s  0.32 0.29 0.25 0.23
Ts (s) 0.35-0.55s - 0.08 0.06 0.06
0.55-0.75s - 0.15 0.11 0.08
0.00-0.35s  1.09 2.52 1.04 0.82
0O (%) 0.35-0.55s  2.71 1.90 1.44 0.66
0.55-0.75s  3.81 2.39 1.21 1.10
0.00-0.35s  1.09 1.82 1.82 1.07
Rc (%) 0.35-0.55s  2.98 1.08 0.96 1.24
0.55-0.75s  3.85 1.47 0.76 1.16

Additionally, all the parameters of the PI controller, ABSM
controller, and two proposed controllers are selected by the
trial and error method to achieve the best transient control
performance considering the requirement of stability and
robustness. Moreover, all the parameter values trained online
in the RWFNN are initialized with zero. Consequently, the
specific parameters in the experiment are given as follow.

kn_p = 5, kn_1=0.3; kia_p = kig_ p=8; kia_1 = kig_1 = 15;
ko = 500; y =0.1; Ag = Ay = 50; kg = ky = 100;
ko = 1000; P = 0.1%[747.

As shown in the experimental results, when the given speed
and load torque are changed suddenly with different torque
terms for piecewise constants and fast variations, the ABSMC
strategies enable the system to have good characteristics such
as the shorter settling time, smaller overshoot and steady
state error, and obscure ripple coefficient. This is caused
by the PI controller’s sensitive dependence on the structure
parameters and external disturbances. Besides, the distinct
oscillation is aroused in the speed response of the traditional
ABSMC under the external disturbances with fast variations
by neglecting the dynamic process of dynamic load torque,
thus deteriorating the quality of speed regulation system.
Nevertheless, since the nonlinear Hy, is utilized to minimize
the influence of dynamic load disturbances on speed track-
ing output in this paper, the two proposed robust ABSM
controllers can compensate the uncertainty impacts through
designing adaptive control law and RWFNN uncertainty
observer.

Compared with the robust ABSM controller, it can be
seen that, the robust ABSMC law with RWFNN uncertainty
observer exploits the RWFNN to approach the system uncer-
tainty. Thus, on the premise of guaranteeing speed track-
ing precision, the motor speed response is featured by the
smaller overshoot and steady state error. In addition, the
smaller torque response can relieve electromagnetic impact
and mechanical damage caused by excessively large and long
torque overshoot. However, it should be noted that the mem-
ory burden and implementation complexity of the RWFNN
observer are higher than the adaptation method. Hence,
some extra efforts, including the use of chips with fast data
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processing capability and the optimization of network config-
uration parameters, are required to implement the proposed
robust ABSMC with RWFNN uncertainty observer.
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Furthermore, the control performance of the various con-
trollers under the piecewise constant and fast-varying load
disturbances is shown in Fig. 13. The poor tracking responses
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FIGURE 13. Performance indexes of four controllers. (a) Case 1 with
piecewise constant load. (b) Case 2 with fast-varying load.

are resulted for the PI controller due to its fixed structure
parameters. However, the ABSMC strategies can guarantee
the high performance of speed trajectory tracking and lumped
uncertainty suppression. Additionally, considering the effect
of dynamic load disturbances on the speed response, the
robust ABSM controller has been proposed to maintain
the superior maximum, average, and standard deviation of
tracking errors. On the other hand, the RWFNN uncertainty
observer has been proposed to improve the anti-interference
robustness and control performance owing to its advanced
network structure and online learning scheme. Therefore, the
proposed robust ABSM controller with RWFNN observer has
the lower maximum, average, and standard deviation of the
tracking errors at both test cases.
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VI.

CONCLUSION

This study proposes a robust ABSMC law with RWFNN
observer for the speed regulation of a six-phase PMSM drive
system demonstrating lumped uncertainty. First, the system
mathematical model in the synchronous rotating reference
frame is introduced. Then, the robust ABSM controller, that
takes the integration of the speed loop and current loops with
load disturbance rejection into account, is presented to com-
pensate the uncertainty while maintaining speed tracking.
Furthermore, to improve the anti-interference robustness and
parameter insensitivity, the RWFNN observer is proposed for
the real-time uncertainty compensation, and the online learn-
ing process of network parameters is designed. In addition,
the proposed control scheme is implemented in an AppSIM
real-time simulator and the validity of the proposed control
algorithm is verified by simulations and experimental results.
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