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In this study, an adaptive neural network (NN) command filtered control (CFC) method
is proposed for a permanent magnet synchronous motor (PMSM) system with system
uncertainties and external disturbance by means of a backstepping technique. At every
backstepping step, a novel command filter is proposed, and the complicated virtual
input and its derivative together can be approximated by this filter. The “explosion of
complexity” problem in conventional backstepping design can be avoided because we
do not need to calculate the derivative of the virtual input repeatedly. NNs are used to
model system uncertainties and disturbances. Finally, an adaptive NN CFC is designed,
and the convergence of the tracking error and the boundedness of all signals involved
can be guaranteed. Finally, a simulation study is presented to verify the theoretical results.

Keywords: adaptive neural network control, command filtered control, backstepping, permanent magnet
synchronous motor, chaos control

1. INTRODUCTION

In the past several decades, adaptive backstepping control (ABC) has been used by more and more
scholars due to its powerful ability in controlling non-linear systems. The ABC approach has some
interesting properties. For example, it can achieve global ability and does not need a large amount
of control energy. To increase the robustness of ABC, some other control methods, such as adaptive
fuzzy control (AFC), adaptive neural network (NN) control, sliding mode control (SMC), etc., have
been developed; the research results can be seen in references [1-10], and the references therein.
However, the ABC approach has a drawback: the “explosion of complexity” problem, which is
generated by differentiating the immediate virtual input repeatedly. Some efforts have been made
to solve this problem, for example, in Liu et al. [6], virtual inputs were approximated by fuzzy
systems, and in Ahn et al. [2], a sliding surface was used to avert the repeated calculation of the
derivatives. Another approach, more powerful than these methods, is command filtered control
(CFC), which was introduced by Farrell et al. [11] and Dong et al. [12], where several interesting
results were presented to show that errors are of o (%), with W being the frequency. To drive the
tracking error toward a sufficiently small value, one can use large W. However, too large a W value
usually means that too much control energy is used. Thus, some other control methods based on
CFC have been developed, for example, in references [13-18], noting that the dimensions of the
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virtual signal should be enlarged to involve the desired signal and
its derivative. Yet, the above-mentioned literature only studied
the estimation of some command derivatives, i.e., the results do
not correspond to the ABC design. Thus, it is meaningful to
develop more approaches to solve the above problem.

For more than 30 years, the control of chaotic systems
has been paid increasing attention as an important field in
non-linear scientific research and has gradually become widely
used in engineering and other fields. The permanent magnet
synchronous motor (PMSM) has attracted widespread attention
due to its rapid dynamics, wide speed range, and simple structure.
However, because the PMSM is a multivariate non-linear system
and the system exhibits phenomena, such as Hope bifurcation,
limit cycles, and chaotic attractors when the system parameters
are in some ranges, the control of PMSM systems is still a
challenging problem. Chaos in the PMSM system can destroy the
stability of the system and even crash it, so it is very important
to control this chaos. At present, there are many methods to
control chaos in PMSM, such as the OGY method, delayed
feedback control method, sliding mode control method, ABC,
AFC, and so on [19-23]. In the actual application process,
the OGY method requires certain system parameters, some of
which cannot be achieved in actual control, whereas the delayed
feedback control method has achieved good results in the PMSM
chaos control, but the delay is very difficult. In Yu et al. [23], the
AFC method was used, and in each step, fuzzy systems were used
to model system uncertainties to avoid the repeated calculation
of the virtual signal and its derivative. In Sun et al. [24], an
internal motion model was used to control PMSM systems with
uncertainties. In Yang et al. [25], an AFC CFC method was used
where the system uncertainties are not considered. In Niu et al.
[26], an output feedback CFC method was proposed for PMSM.
In Zou et al. [27], command filtering-based AFC was introduced
for PMSM where input saturation is considered. Some related
work can be seen in references [28-32]. However, in these studies,
fully unknown system models are not considered.

Based on the above discussion, we will introduce an NN
CFC method for PMSM systems with fully unknown system
models. We combine ABC with CFC and propose a one-order
filter to approximate the virtual signal and its derivative at each
backstepping step. As the last step, a robust controller is designed,
and adaptation laws are also presented. Compared with related
works, our contributions are as follows. (1) A one-order filter is
introduced. In each step, it can be used to approximate the virtual
signal together with its derivative. In addition, the proposed filter
has very good approximation ability, and the error can be made
as small as possible. By doing this, the “explosion of complexity”
problem is avoided. Compared with some related methods, for
example, in references [23, 28, 31], our methods are simpler and
can be implemented earlier. (2) The proposed control signals
with adaptation laws have a very concise form relative to some
related methods, for example, dynamic surface control.

This paper is arranged as follows. The description of the
PMSM, the controller design, and the stability analysis are
presented in section 2. Section 3 gives the simulation results of
the proposed method. Finally, section 4 gives the conclusions of
this paper.

2. MAIN RESULTS

2.1. Problem Description
The mathematical model of a PMSM with a smooth air gap can
be expressed as [23]

d . 5

G =o0lig—w) —Tr,

di . . ~

jT-f = —ig — igw + 8w + @iy, (1)
ig . . ~

ar = —ldtigw + ug,

where ,i4,i; are system variables representing the angular
velocity and shaft current of the motor, respectively, and T, iig,
and i1y represent load torque and shaft voltage. When there are
no external inputs, denoting x = ,y = i,z = iy, and putting
an input u(f) to the third equation, the PMSM system (1) can be
written as

x=o0(y—x),
y=—y—xz+8x, (2)
z=—z+xy+u

Let the tracking error be €, = x — x°, with x° € R being a
referenced signal. Our purpose is to implement a suitable control
signal u such that €, (t) becomes as small as possible.

2.2. Backstepping Control Signal Design
The backstepping control procedures can be divided into the
following three steps.

Step 1. It follows from (2) that:

x=o0y+ Agi(x), (3)

where Ag;(x) = —ox is assumed to be unknown. Then, Ag; (x)
is estimated by using NN as

Agi =Wt =W +¢ 4)

with WT being the adjustable parameter of the NN, W being
the optimal parameter, and &; being the optimal estimation error
[33, 34]. Then, we can use the following virtual input

) -
P = |:k161 + WlTﬁl(x) + &) arctan (6—1) — 5c{| (5)
o

o 1

with &; being the estimation of &1, kj,1 > 0, and €; being a
compensated tracking error. Thus, (3), (4), and (5) imply
€L=o0y+ Ag —x°
=—kies+o(y—m)+ WiTo 1 (x) + &1 — W91 (%)

5 arct €
&arctan o ©)
=—kier +o(y*—p1) — Wi9(x) + &

R €
—&arctan | — | + o€y,
(23]
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with W{ = W{ — WTT being the NN approximation error  with ay;, az», as1, asy > 0. Then we know
and €, = y — »° being filtered error. We can define the

following signal:
EL=€ -0 (7)
where ¢; can be obtained by solving:
h=-ka+o(—p)+os (8)

with &, being defined in the next step and y© being the solution of
the following equation:

¥ = - () — p1) 9)

with @, > 0. To solve (9), we can set y°(0) = 0. We can use the
following adaptation law:

Wi = anédi(x) — ananW, (10)
and
A . €] .
£] = a €] tanh (—) — a41a4281 (11)
(441
respectively, with a1, a1, a1, asz > 0.
Step 2. According to the second equation of (2), we have
y=—xz+Ap (12)

where Agy = —y + 8x is unknown. We can use the NN to
approximate it as

Ag = W;l’z = W;Tﬂz + &;. (13)
Define
€& =y—,
wmr (14)
€ =€ —
with
L=-kho+F—p+s (15)
with £,(0) = 0,
2" = —w3(2° — p2)s (16)
T R € o .
p2 = —kyey — W59, — &rarctan (—) +) —oé, (17)
a2
where ky, 2 > 0. W, and &, are updated by
W, = a31602(%,) — az1a0W, (18)
and
A . € R
£y = as1 €, tanh <7> — ds51052&2 (19)
(23]

& :Z-i-Agz—)'/c
= —kzéz—f—Z—pz—i—W;Tﬁz—FSz — Wgﬂz

R & -
— &yarctan | — | — 0§
o

(20)
c a7 A g2
= —kyer + 2z — py — W2 ¥, + &, — &rarctan (7)
o2
— 0€] + €3.
Step 3. According to the last equation of (2), we have
z=Ags+u (21
with Ags(x) = —z + xy being unknown. It can be
approximated by
Ags = W§ﬁ3 = W;Tl93 + &s. (22)
We can implement the controller as
u = —kze; — W3T193 — &arctan (S) +z°—¢ (23)
o3
with k3, @3 > 0. Define
€ =z—2,
J (24)
€ =€ — 03,
with
3= —ksls — &a. (25)
The parameters are updated by
Ws = a3160, — aza5, Wi, (26)
: . €3 .
&3 = ag €3 tanh <*> — a61362E3 (27)
as
with ¢31, €32, ¢61> €62 > 0. As a result,
é3 = Ag3 — Z4+u
= —kses + W3iT03(%) 4 &3 — W1;(X) — &sarctan
(28)

()
2) g
a3
- . €
= —k3e; — W3Tt73(5c) + &3 — &£zarctan (—3) — €.
as

Let us give the following reasonable assumption and lemma.

Assumption 1. The NN approximate error is bounded, i.e., there
exists & such that &; < &.

Lemma 1. [I5] Ifa > 0 and k = 0.27846, then we have

)

ly] — ytanh (;) <ka.
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Then, we have with & = & — &}. Then, (29), (30), (31), Assumption 1, and
Lemma 1 imply

B ~ . €
€ = —kje; + o'(yc _ ,01) — W1T191 + &1 — g1arctan (i)
1

3 3 -
. . y . z: . .
+oe—04 E e = E e [si—eiarctan (—l>] —61W1T191 —62W2Tﬂ2
o
i=1 i=1

= —kje; — WITI’I +e1 — kg1 — élarctan( 1)
1

‘mz

S

3
—&EWIDs— > ke

+oe;—0p —
i=
- ~ ~T N €1 3 ~
= —ki€y +0é; — Wi +¢& —&jarctan | — |, ~ . & e
(031 < Z |ejle] — eéjarctan | — ) | — E; W, 9
(29) P o
L ~ A ~2 ~ % ~ % ~
& = —kyey +2z5—py — WzTﬁz + &, — &rarctan a—) — ezszz?z - 63W3T1?3 - X:kie,2
i=1
—oéite—0 3 & &
o . €y = Z |:|€l|8 — ¢;8;arctan ( > — éis;‘arctan <—1>i|
= —kyey — W, ¥, 4+ &, — {3 — &rarctan | — P o o
(%%

EWI, €1W171

t kie; — ézd*arct
arcan(al> Z e 63 arcan<a3>

i=1

—0é1+e -k

= —kyéy — W;ﬂz + &5 + €3 — &rarctan

|

Q

m

+
':"Mw

Q

(30) .
—&Wlv,

3) ; _ _
e €
o 2 : _
; 3 (1) < 1 [ ¢;&;arctan (%) + e,e *arctan <a1>]
3 i=

= —k3é; — W3 ?3(X) + &3 — €, — &3arctan (—

= —ksez — W3 3+ 63 — {3 — € — &zarctan

o)
(

o3 -
— Z kie? — & W1,

Theorem 1. When |x{ — zi| < b with b > 0, then (8), (15), and P
(25) imply 3
~ T ~ T *
c g —€3W3l93—€1W1191+KZ(X,'8-
el = (11— ) (32) =
2k 3 - 3
- éi 2 =T
with = (1,8, 6317 € R3, k = L mintky, ko, ks}, and ¢ = b+o. = — ) &#arctan (;) - ket —&W3D,
i=1 i=1
Proof. Let V] = %H;’ [|2. It follows from (8), (15), and (25) that ~ - 3
—&EWIDs —aWiD +x ) .
3 i=1
Vi=-—Y kit +oa(y —p)+ o — (35)
! Z &+ oalf - o)+ 6 - ) It follows from (10), (11), (18), (19), (26), and (27) that
R (33)
< —2k¢11? + Allg
- 3
_ 1 ~ 2 ~ ~ ~
< —4kV1 + V2071, Za—WiTW,-:€2W2T%+€3W3Tﬁ3+€1W1T191
As a result, it follows from (33) that (32) satisfies. [ | =
WIw.
Theorem 2. Consider (2) satisfying Assumption 1. Virtual inputs N Z aW; Wi
are given by (5) and (17) under the filters (8), (9), (15), (16), and ~= - o o
(25). The adaptation laws are (10), (18), (26), (11), (19), and (27). =W, 9, + W39 +a Wit 36)
Then, the controller (23) ensures the convergences of €, €; and €3 3 B B
to a small region. - Z apW?t (Wi + Wf)
i=1
Proof. Define < gzszl’z n €3W3T193 " €1W1T171
3
1 - 1 ~ =~ 1 . i2 i2
V=- 2 wWiw; 2 34 - 2@, 82 Wi,
2;61—’_;261‘1 l l+,‘§1:26i+3,181 (4) Z +Z
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3 1 3 ~
Z £i&; = Zgi |:E,' tanh (7) — Aj132€ ]
i1 20i+31 i=1 @i

3 - 3
o~ (4] ai+32 9
< E £;e; tanh (—) — 'g 5 &;

(37)
As aresult, (35), (36), and (37) imply

3

ai+32 - ai+3,2
I
2 2

i=1 i=1

V<—Zke —l—KZO[&

i=1 i=1 i=1

—d; Zzaz+318 + dy

(38)
with di = 2min{ky, ks, k3}, do = min{ay1a12,a1a22, as1a32},
d; = min{anawn, asias,aade), di = Ky wEl +
i G224 59 | 42 WiTW being non-negative constants.
Apparently, the constants dl, dy, d3, dy are determined by design

parameters and some unknown constant variable (see, the
optimal NN parameter). Thus, (38) implies %Z?zl e < g—‘l‘,

TYA dy 3 1 =2 dy
Z’ 12!1;1W Wi = d’ i 12u1+318i = &
variables are indeed bounded, and €;, €, and €; tend to a small
region determined by design parameters. |

As a result, all

Remark 1. It should be emphasized that the conclusion of
Theorem 1 is very representative, and it can be widely used in
the field of automatic control, finite-time control, and backstepping
control. However, the proposed method can only guarantee the that
tracking error tends to a very small region.

Remark 2. In the controller design, the proposed method is
different from some related methods, for example, those detailed
in references [4, 33, 34]. We introduce an auxiliary signal to
approximate the virtual input, and the approximation error can
be made as small as possible.

3. SIMULATION STUDY

In system (2), let 0 = 5.45,6 = 20.0, x(0) = 0.5,y(0)
—1,z(0) = 0. When u(t) = 0, the chaotic behavior of (2) can
be seen in Figure 1.

Let the desired signal be x¢, defined by

. |o telos]
X =
2 t> 8.

With respect to the NNs, the basic functions are chosen on
interval [-8 8], and five functions are used for each state. Their
initial conditions are W1(0) = 012, W2(0) = 0;x25, and
W3(0) = 0;1x125. The design parameters are ky = k, = k3 =
1.5,ajy = 6,ap = 0.05,i =1,2,3,4,5,6,01 = ap = a3 = 1.

The simulation results are presented in Figure 2. It can be seen
in Figure 2 that the tracking error has rapid convergence and the

A

0 50 100 150 200
Time

FIGURE 1 | Chaotic phenomenon of (2) in (A) x — y — z space, (B) x(1), (C) y(t), and (D) z(t).

B
20
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X O
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-20
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Time
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40
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B
10
z(t)
- =)
=
= 0
-10
0 5 10 15 20 0 5 10 15 20
Time(second) Time(second)
C D
10 5
= —a(t)
g it —
T o-)--- ________’_ *, Q\ S
g i 0 : T
< | |
w
-10 -5
0 5 10 15 20 0 5 10 15 20
Time(second) Time(second)
F
2
<)
\/’ §°
-2 -1
0 5 10 15 20 0 5 10 15 20
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FIGURE 2 | Simulation results in (A) tracking performance, (B) control input, (C) compensated errors, (D) W (t), (E) Wa(t), and (F) Wa(1).
A B
e 3 (1)
- z(t) 5
Z —~
5
-5
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Time(second) Time(second)
(o] D
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.f
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FIGURE 3 | Simulation results with external disturbance in (A) tracking performance, (B) control input, (C) compensated errors, (D) [|[W4 (t)|, [Wa(t)| and [W5 ()]
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signal x(t) tracks x(t) tightly; the control input u(t) has a small
amplitude, and it fluctuates very gently; the compensated error €3
converges to zero very quickly, but €, does not converge to zero
(in fact, in our method, it is not necessary for the compensated
error to converge to zero); the parameters of the NNs also
fluctuate gently.

To show the robustness of the proposed method, let us add
an external term 0.95sin t into the third equation of the system
(2). The simulation results are presented in Figure 3. Comparing
Figures 2, 3, we can see that under the external disturbance, the
proposed method has very good robustness.

4. CONCLUSIONS

This paper presents an NN CFC method for PMSMs with fully
unknown system models. To avoid the “explosion of complexity”
problem, we propose a one-order command filter. It has been
proven that the virtual input and its derivative can together
be approximated by the proposed filter, and the approximation
error can be made as small as possible. The proposed method is
performed by using a backstepping technique. It is also shown
that the proposed NN CFC can guarantee the boundedness of all
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