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Hybrid synchronization and parameter estimation of a complex
chaotic network of permanent magnet synchronous motors
using adaptive integral sliding mode control
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Abstract. The synchronisation of a complex chaotic network of permanent magnet synchronous motor systems has increasing practical impor-
tance in the field of electrical engineering. This article presents the control design method for the hybrid synchronization and parameter esti-
mation of ring-connected complex chaotic network of permanent magnet synchronous motor systems. The design of the desired control law is
a challenging task for control engineers due to parametric uncertainties and chaotic responses to some specific parameter values. Controllers
are designed based on the adaptive integral sliding mode control to ensure hybrid synchronization and estimation of uncertain terms. To apply
the adaptive ISMC, firstly the error system is converted to a unique system consisting of a nominal part along with the unknown terms which
are computed adaptively. The stabilizing controller incorporating nominal control and compensator control is designed for the error system. The
compensator controller, as well as the adopted laws, are designed to get the first derivative of the Lyapunov equation strictly negative. To give
an illustration, the proposed technique is applied to 4-coupled motor systems yielding the convergence of error dynamics to zero, estimation
of uncertain parameters, and hybrid synchronization of system states. The usefulness of the proposed method has also been tested through
computer simulations and found to be valid.
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1. Introduction

Since the pioneering work by A.C. Fowler et al. [1], com-
plex chaotic systems have become an interesting field of re-
search over the last few decades, especially synchronization
of complex natured chaotic systems have attracted the atten-
tion of many researchers. Complex systems have a broad range
of applications in industrial areas and it is very important to
understand numerous physical systems like a chaotic com-
plex system. Synchronization of complex chaotic systems is a
fascinating subject, especially in communications [2-5]. Syn-
chronization methods used for simple chaotic systems are ex-
tended for complex systems like lag synchronization [6], anti-
synchronization [7], adaptive anti-synchronization for unknown
parameters [8], hybrid synchronization (HS) and parameter
identification of chaotic systems coupled in ring topology [9]
and projective synchronization [10]. In addition, there are some
other techniques reported in the literature [11-17], which were
designed particularly for complex chaotic systems.

All the techniques mentioned above are mainly designed for
synchronization of two or more [18] complex systems, where
one is usually the drive system and the other is the response
system. The purpose of these kinds of techniques was that the
states of the response system follow the trajectories of drive
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systems. Instead of using simple techniques, the synchroniza-
tion technique for multiple coupled complex chaotic systems
can improve the protection of message signals in secure com-
munication and it also has a bright future in the communication
field. Consequently, many researchers are attracted to this field
of research and are making their efforts to analyze multiple cou-
pled systems. Wang et al. [19] evaluated adaptive combination
synchronization of complex and real dynamical systems. Zhou
et al. [20] investigated adaptive synchronization for uncertain
complex networks.

The hybrid synchronization (HS) of multiple coupled
complex dynamical systems was reported in [21], where
synchronization/anti-synchronization are achieved for complex
systems connected in the ring topology and with known param-
eters. A ring topology is shown in Fig. 1, where the states of
first system track the states of N-th system, states of the sec-
ond follow the states of the first complex chaotic systems and
so on, finally the states of the last system follow the states of
(N—1)-th complex chaotic system. Synchronization and anti-
synchronization for real chaotic systems coupled in the ring

Fig. 1. Ring topology

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/
0000-0003-4592-8104
mailto:nazim.siddiq@gmail.com

www.czasopisma.pan.pl P
Y

N www journals.pan.pl

N. Siddique and F.U. Rehman

topology are achieved in [21], but complex systems connected
in the ring topology is a less focused area of research.

Several different methods were reported in the literature
[21, 22] for chaotic synchronization. The active control tech-
nique is a significant and easy control method because it pro-
vides a convenient way to select and implement the controllers.
In an active control technique, the controllers are selected to
nullify the nonlinear terms, which are present in the system,
therefore, chaotic synchronization becomes a linear problem.
The direct design control method is investigated in [23]. Mean-
while, the sliding mode control (SMC) [24] is a bit difficult
approach. However, it has a lot of advantages, like the fast re-
sponse and robustness in opposition to the parameter deviation
and external disturbances.

A modification of SMC technique is the integral sliding mode
control (ISMC) [25] which combines the discontinuous control
and nominal control. The main advantage of applying the ISMC
is that it eliminates the reaching phase. So, robustness is guar-
anteed throughout the system response.

Medium power permanent magnet synchronous motors
(PMSM) are very useful in industrial applications due to their
significant features like a small size, low cost, and high torque.
Especially, the simple structure of PMSM, in which there is
no field winding present in the motor, makes it first choice for
the industrial applications. Therefore, a lot of research has been
conducted to investigate control and synchronization of real
permanent magnet synchronous motors [26—28], whereas much
less work is being done for complex variable permanent magnet
synchronous motors [29]. Recently, some new results related to
the control of PMSM were documented in [30-32]. Practically,
in PMSM, complex currents and complex voltages are present
in the dynamical model and there is a possibility that one or all
the parameters of the systems are disturbed due to noise. So, it
is practically sound to estimate the unknown parameters for HS
of PMSM systems. In this research, an effort has been made to
reach HS and identification of uncertain parameters for a com-
plex chaotic network of PMSM systems connected in the ring
topology.

2. System description

In [33] the mathematical model of a field-oriented PMSM rotor
system is given as:

@ (—Ryig +wigLy+ug)

dt Ly ’

dt L, ’

dw . (npl//riq +”pidiq(Ld 7Lq) — Wﬁ — TL)
dar J '

According to this mathematical model (1) the dynamic state
variables i,,is represent currents and w is angular frequency;
ug is the direct axis and u,, is the quadrature-axis component of
input stator voltages; 77 is the applied load torque; J is the arctic
moment of inertia; R represents resistance of stator wingding;

B is the adhesive damping constant; L, represents direct axis in-
ductance and L, represents quadrature-axis inductance; W, rep-
resents rotor flux and n, are the total number of rotor poles.
When there is an even air gap, uniform flux distribution, and the
motor operates at no-load, the mathematical model of PMSM
can simply be presented as:

X1 = (2 —x1)(a),

Xy =bx1 —x2 —x1x3, ()

X3 =X1X2 —X3.
This system has two complex variables x1,x, and two constant
parameters a,b. In [22] another complex model of permanent
magnet synchronous motor is presented as:

X1 = (x2 —x1)(a),
Xy =bx1 —x1x3 — X2, 3)
X3 = 0.5(x2X7 +32x1),

where X7, X3 are in complex conjugate form with j = /—1.
This system shows chaotic behavior when its constant parame-
ters are selected as b =20,a = 11. Figures 2(a)-2(b), depict the
chaotic behavior of this system. There are many properties of
PMSM systems studied in [34]. In this research paper, we are
examining parameter identification and HS of PMSM systems
using adaptive ISMC.

(a) (b)

Fig. 2. (a) Chaotic behaviour of PMSM system on xj,,x2,,X3, space,
(b) Chaotic behaviour of PMSM system on xy;,xp; space

The remaining paper is organized as: in Section 3, HS control
problem formulation. In Section 4, the proposed control algo-
rithm is discussed where as, in Section 5, HS for PMSM sys-
tems is discussed. In Section 6, simulation results are discussed
and in Section 7, the paper is concluded.

3. HS control problem formulation

In general, N complex chaotic systems connected in a ring
topology can be configured as:

x1 = fi(x1) + Fi(x1)0; + Dy (xny — x1),
X2 = fo(x2) + Fa(x2)0 4+ Do (x1 — x2),
4)

xnv = fn(xn) + Fn(xn) Oy + Dy (xv—1 — xn),

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137056
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where x1,x2,...,xy € C", are defined as the complex state vec-
tors, x; = (Xi1,Xi2,Xi3, ...,xm)T, X = Xpr + jXisk=1,2,3,...,N
j=+/—1, both subscripts r and i represent real as well as imag-
inary components from the beginning to the end of this paper,
fi : C" — C" are the continuous nonlinear function, 6; € R?
are unknown parameters, F;(x;) € Cln x p) are matrices, D; =
diag{d;,dp,dp...,din},i = 1,2,3,...,N are N-dimensional di-
agonal matrices, as well as d;; > 0 represents connected terms
of D;. In Fig. 1, the complex chaotic dynamic systems are con-
nected in a ring, in which the dynamic states of the 15 system
couples the Nth, the ond system couples the 1%, so on, and fi-
nally, the N-th complex chaotic system couples the (N—1)-th.
The network model presented in (4) is very practical and
unique in the sense that it contains unknown constant terms 6;.
The constant terms of (4) are assumed to be uncertain due to
noise or some other unwanted external disturbances. The un-
certain terms will be estimated by the proposed control algo-
rithm. In this research, we have utilized this coupling scheme
to investigate HS and it can be mathematically represented as:

x1 = fi(x1) +Fi(x1)01 + Dy (xy — x1),

Xy = fa(x2) + Fa(x2) 62 +Da(x1 —x2) +up ,
(5)

iy = flxn) + Fy(xn) Oy + Dy (xn—1 —xn) +un—1,

where u; = uy, + jug;,k =1,2,...,N—1 are the complex inputs.
The hybrid synchronization for multiple connected system is
defined as:

Definition 1. The chaotic dynamic system (5), we say, there
exists hybrid synchronization conceding that the controllers
ui, i =1,2,3,...,N—1 are selected in such a manner that all
the trajectories x;(z),x2(),...,xy(¢)) in (5) with either initial
conditions (x1(0),x2(0),...,xx(0)) satisfy: For the errors ¢; =

(ei1,ein,...,eiv)T, we have
thme, = 11mx,( Y4 gxiv1(t) =0, i=1,2,3,...,N—1.
—oo

For the anti-synchronization we choose ¢ = 1 and for complete
synchronization g = —1. The problem of hybrid synchroniza-
tion can be resolved by designing appropriate controllers u; to
get e; = (ej1,ep,...,ein)T — 0 asymptotically.

4. The proposed control algorithm

For the hybrid synchronization, we define the error vectors as:

e =x3+¢gxy,

ey =x3+¢gxz,

Q)

eN—1 = XN +gXN-1 -
Let é,- be the estimate of 6; and let 6; = 6, — éi be the errors in

estimating the parameters 6;,i = 1,2,--- N, respectively. The
first derivative of (6) yields the following:
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[f(x2) +qfi(x1) + Fa(x2) 0> + gFi (x1) 6,
+Ds(x1 —x2) + gD (xy —x1)
x3) +af2(x2) + F3(x3) 03 + gF2(x2) 6,
x2)
(
)

é
é +D3(x2 —x3) +gD2(x1 — X2
& | fa(x4) +qf3(x3) + Fa(x4) 04 + qF3 (x3) 6
n +D4(x3 — x4) +qD3 (X2 —x3
en_1

SvOw) +afv-1 (fol )+ F (xv) O
+qFy_1(xn—1)On—1+Dn(xy—1 —xN)
+gDy—1(xy—2 —Xn—1)

-Fz(XQ)éZ‘l'qFl(xlél)_ 1.0 0 --- 0
e AR E
X. + X u
+444.6]333+0q1...0 '2 e
Fy(xn)0 : UN—
N( N) N~ 00 - qg 1 Nt
| T9FN-1 (xn—160N-1) ]
By choosing:
-1
1 0 O 0 €2
uj
q 0 0 e3
uz
-0 g 1 0 + —A (®)
. o : : : EN—1
N-1 O O q 1 v

where, v is the new input vector and

[f2(02) + i (x1) + F2(x2) 82+ gFi (x1) Oy
+D2(X1—XZ)+6]D1(XN xl)

f3(x3) +af2(x2) + F3(x3) 63 + gF2(x2) 6,
+D3(x2 —x3) +gD>(x1 — x2)

fa(xa) +qf3(x3) + Fa(xa) s+ qF3(x3) 03

)

+D4(x3 — ©)

x4) +gD3(x2 —x3

I (Gov) 4+ qfv—1(xev—1) + Fi (xn) By
+qFn—1(xn-1)Onv_1 +Dn(xn—1 — xn)
L +gDyn—_1(xN—2 —xN-1) i

and replacing (8) in (7) the error dynamic system presented in
(7) becomes as:

é1=er+F(x2)0 +qFi (x1)0y
é) =e3 +F3(X3)é3 +qF2(-x2)éZa

é3 = eq+ Fu(x4)0s + qF3(x3) 05,
(10)

én—2 = en—1+Fy_1(xn_1)On_1+qFy_2(xn—2)On_2,

én—1=v+Fy(xn) Oy +qFy_1(xn-1)0y_1 .
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To apply the ISMC, firstly we have to define the nominal system
for (10):

é1=ep,
é) =e3,
é3 =ey,

(11

éN-2 =eN—1,

eN-1 =V,

To stabilize the error system in (11), the Hurwitz sliding sur-

)N_2€1 =e1+crex+ ... +
cn—3en—1, wWhere the coefficients ¢; are chosen in such a way
that 0, becomes Hurwitz polynomial. The time derivative of the
above sliding surface will be like this &, = ey +c1e3 + creq +
..+ cn—3eny—1 + Vv,. By choosing v, = —er» — c1e3 — creq —
..—cN—3en—1 — ko, k > 0, we have 6, = —ko,, consequently
o, — 0, which gives ey, es,...,ey—1 — 0. In consequence sys-
tem (11) is asymptotically stable. Moreover, by designing slid-
ing surfaces for the above system (10) as: ¢ = 0, + z where z
in this equation is an integral parameter which shall be com-
puted subsequently. To avert reaching phase set z(0) such that
6(0) = 0. The time derivative of this sliding manifold will be
as following:

face is designed as: 0, = (1+ —

=éjtcier+...+eyvszeno2téy1+v+z

N-1
=er+ Y cioei+v+itgFi(x)6
i=3

(1+gc1)Fa(x2)62)

4
+ ) (ci+qciv1)Fira(xir2)6ip2
i=1

+ ((en—3+q)Fv—1(xn—1)BOn—1) + Fy (xy) 6Oy .

_|_

—~

T

(12)

The new input term v in (12) is defined as v = v5 + v, where vy
is the nominal input vector and the other term vy is a compen-
sator input vector which will be computed later. The Lyapunov
stability function for (12) is defined as:

1 o . N—4~ 5
V= E{<;T<;+91T91 +070,+Y 67,02
i=1

+ 0% 181+ 876y ) (13)

by properly defining the adaptive laws 6;, 0,i=123,...N
and computing the compensator input vector vg such that the
fist derivative of (13) can be achieved as V < 0.

Theorem 1. For the Lyapunov equation as described in (13) it
is possible to get V < 0 conceding that 8, 6;, i = 1,2,3,....N
and vy are chosen as:

N-1

I=—ey— Z Ci—2€; — Vo,
i=3

vy = —ko — ksign(o),

é = —qF] (x1)0 — Kk 6y,

6 = —6,

6, = —(1+gc1)F (x2)0 — k65,

by =6, (14)
042 = —(ci+qciv1)F ) (xi42) 0 — ky—1 — kip20i12,
0iio= 0.0, i=1,. ,N—4
Ov_1 = —(cn—3+q)F6Ty_16 —ky_16y_1,
On 1 =—6y_1,

Oy = —Fy (xn)o — kn by,
9NC = éN .
Proof. Since:

V=0"6+66,+6]0,

N—4 . . . .
+ Y 6726110+ 6% By + 67 6y
i=1

N-1 .
=o! {62+Z Ci2ei+vo+vs+z}+9]T{91+qFF]T(xl)G}
i=3
+ ézT{éz—i—(l—&-qcl)FzT(xz)c}
Z 1+2{ i+2+ Cz+qcl+1)E£2(x,-+2)G}

6y {GN‘l +(en-3 +‘1)F1\{—1(XN—1)0}

+é§{éN+F]$(xN)o}. (15)
By replacing (14) in (15) we get:
= —ko? — Zk —ko'sign(c), k>0. (16)

This shows ¢ and 6; — 0 consequently
e;—0,i=1,2,3,..N—1.

5. HS of ring-connected complex PMSM systems
In this section, we investigate HS of N-coupled complex PMSM
systems connected in ring topology. Assuming N = 4, the cou-

pled complex PMSM systems in a ring topology can be repre-
sented as:

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137056
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i =a(xip —xi1) +di (xa1 —x11),
X12 = bxi1 —x12 —x11x13 +di2(x42 — x12),

x13 = 0.5(X11x12 +x11%12) —x13 + d13(xa3 — x13),

X21 = a(xan —x21) +dar (x11 —x21) + H11 5
JXop = bxay — X220 — X21X23 + dp2(X12 — X22) + U12,
o3 = 0.5(F21X22 +X21%22) —X23 +d23(X13 —X23) + 13,
X31 = a(x3p —x31) +d31 (021 —x31) + Ha1
X3 = bx3p — X33 — x31X33 + d32(x22 — X32) + H22,
X33 = 0.5(X31x32 +x31%32) — x33 +d33 (023 — x33) + a3,
Xa1 = a(xap —xa1) +dar (31 — xa1) + U31
42 = bxa1 — x40 — X41X43 +da2 (X320 — X42) + 32,

X43 = 0.5(X41X42 + X41%42) — X43 + d33 (X33 —X43) + U33,

where, Xy = Xp1, + jXk1i>» Xk2 = Xkor + jXi2; are complex and
Xx3 = X3, are real, Xy, Xx» denote the complex conjugate vari- -
ables of xi1, xx2, Kk =1,2,3,4 and a, b are unknown real terms.

In (17), if the paramaters a and b are uncertain and their esti-

X41r — X11r

X41i — X11i
G = |x42r — X120 | »  Gli = |Xa2i —x12i | »
| X4r —X13 | L 0 i
X1 — X217 X11i — X21i
Gor = |x120 —x22r | »  G2i = | X120 —X22i | »
| X13 —X43 | | 0 ]
(17) X21r — X317 X1 — X31
G3r = [x02r—x32, |, G3i= |x20i — X320 |,
| %23 — X33 | | 0 ]
X31r — X417 X31i — X41i
Gy = X300 —Xa2r |, Gai = X301 — X120 |
| X33 —X43 | | X33 —X43 |
u1, u;
Uiy = (Upr| upg = (up;il l= 172a3a
U, 0
A a ~ a
=19, a=¢.
b b

mates are d and b respectively, the error in estimation of uncer-

tain parameters can be described as: d = a
(17) can be written in vector form as:

X1, = fir + F1,0 +F,0 + DGy,

X1i = fii+ Fii0 + F;0 + D1 Gy,

%2 = for + Fo0 + F>,0 + DyGo, + i,
X2i = foi+ Foi® + F2i0 + D2Goi + i,
X3y = fir + F3,0 + F3,.0 + D3G3, + o,
X3i = f3i+ F3i0 + F3:0 + D3Gi + oy ,
Kar = far + Far® 4 F4r0 + D4Gay + U3,
Xai = fai + F4i0 + Fii0 + D3 Gy + w3,

where
0
Sir = —Xk2r — Xk1,X13 )
| 0.5 (X1 rXk2r + Xe1iXk2i) — Xi3
0
Ji= | —Xor — X3 |, k=1,2,3,4
0
Xior =Xk, O
Fiy = 0 Xitr | s
0 0
X — Xkt 0
Fi = 0 Xkt |
0 0

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137056

—&,E:b—iy,then

Defining the error as:

ey = ey + jeri = Xyl T qxx

19)

Xt 1)r + @k + JX(kr1)i + GXkis this gives exr = X(y1), + GXkr
and, ey = X(411); + Xk, k = 1,2,3. The error dynamics of this

system becomes as:

€1r (f2r+q.f1r)+(F2r+qFlr )+D2G2r+qD1G1r)
€y | = (f3r+Qf2r)+<F?r+qF2r >+D3G3r+qD2G2r)
é3, (far+qf3r) + (F +qF3,0) + D4Gy, + qD3G3,)
(18) F2r+qF1r 0 Hir
+ | B3+ qFor Of |M2r| s
Far 4 gF5, —611 I |us,
el (fai +af1i) + (Foi +qF1:0) + D2Gai + D1 Gy;)
éi| = | (fri+afa)+ (Fi+qFi0 )+D3G3: +gD1Gy;)
€3 (fai+qfsi)+ (F +qF510) + D4Ga; + qD3Gx;)
b+ qF; Mii
+ | Bi+qFi JI5y
F4l + CIF31 0 76]1 I M3
(20)
by choosing,
- - -1 ¢
iy 1 0 0 (qul) ey
Wl =|—qgl I 0 (Fyr2) | + |esr|
(19) Uz, 0 —ql I (Fyr3) V,
- _ o1 21
i I 0 0 (Fqil) e
Wi| = |—ql 1 0 (Fqi2) + |e3i |,
| | 0 —ql 1] |(F3) Vi
where
Fyrl = (for +qfir) + (For + qF1,0) + D2Gor + gD1 Gy Fyr2 =
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(f3r + Qer) + (F3r :'_ qFZré) +D3G3r + qD2G2r qu3 = (f4r +
qf3r) + (Far + qF3,0) + D4Gayr + gD3G3,
Fyil = (foi +qfii) + (P + qF1:0) + D2Gai + gD1 Gy Fyi2 =
(f3i +afai) + (F3i + qFi0) + D3G3; + qD2Go; Fyi3 = (fai +
qf3i) + (Fai — +F3i0) + D4Gai + qD3G3;.

The system (20) becomes:

éqr ey F2r+qFlr
éy | = €3y + F3r+qF2r 6;
é3; Vr Fy + qF3r
N N (22)
é1i e; Fi+qFy;
éy| = |e3i| + | F3i+ql| 0
éi| |V Fa; + qF3;
taking the nominal system for (22) as:
é]r_ _le
éy| = lesr|,
é3r VrO
N - (23)
é1; en;
ér| = |esi
éi| Vo

and defining the sliding surface for nominal system (23) as:

Oor = e]r+262r+e3r7

(24)
00 = e1i +2exi +e3;
then the first derivative of (24) becomes as:
Gor = €1, + 22, + €3, = ez + 2e3, + Vo, 25)
Goi = é1; + 262 + é3; = e2; +2e3; + Vvoi
by choosing,
vor = —ea, —2e3, — kysign(oy,), ki >0,
' (26)
Voi = —ep; — 263,‘ — szlgn(G(),'), k2 >0
we have,
Gor = —k100, — kisign(op,),
(o0r) o

()'()i = —kzO'()[ — kzsign(o'()[).

In consequence, the nominal system (24) is asymptotically sta-
ble. The sliding surface for error dynamics presented in (22) is
defined as:

Oy = Opr +2r = €1, +2e2 +e3,+ 21,
(28)
O; = 00 +2i = e1i +2esi + €3 +Zi,

where z,, z; are some itegral terms computed later. Now to avert
the reaching phase, take up z,(0), z;(0) such that 6,(0) =0,
0;(0) = 0. Choosing v, = vo, + Vg, Vi = ve; +v;, Where, vo,, vo;
are the nominal inputs and vy, vs; are compensator terms which

will be computed later. The first derivative of (28) can be de-
rived as:
Gy = Oy +2r = €1+ 262, + €3, + 2»
= e3r+ (Far +qF1,)0 + 2e3, + 2(F3, + qF»,) 0 + (Fy,
+qF3r)0 4 vo, + v + 2
G; = 60i T4 = €1 +2é2 + €3+
= exi+ (Fai +qF1i)0 + 2e3;+2(Fs; + gF») 0 + (Fy
+qF31)0 +vo; + vsi + 2

(29)

The Lyapunov stability function for (29) can be defined as:
1 1 | R

V= 3 olo, + 3 olo;+ 3 67 8. By properly defining the adap-

tive laws 6, 6 and computing v, Vs, it is possible to get first

derivative of Lyapunov stability function as V < 0.

1
Theorem 2. For the Lyapunov equation V = EO-’T o, +

1 | R .
EGiT o; + EGTO it is possible to get V < 0 conceding that the

adaptive laws é é and the values of vg,., v; are chosen as:
2y = —égr —2€3 — Vor, Vsr = —k — 30, — k3sign(o;)
2 = —épi —2e3; — vor, Vsi = —k — 40; — kasign(o;)
6 =0/ {(Far+aFi,)| +2(F+4Fy)" + (Fa+qFy)"'}
— 0/ {(Fai+qFii)" +2(Fsi+qFa)" + (Fai +qFs)" } —Ks6
0=—0,k>0,i=1,,5.

(30)

Proof. Since:

V=o0l6,+cl6,+6"6,
V =0!{es+ (For+qFi,)0 +2e3,+2(F,) +qF,)0
+ (Far + qF3,)0 +vor +vgr + 2} + 0 {eai+ (Fai +qF1;)0
+2e3; + 2(Fsi -+ qFai) 0 + (Fyi + qF3;) 0 + vo; + vy + 2}
1878 (31)
V =07 {ea +2e3, +vor + v + 2} + 0] {ei +2e3: +vo; + vy
2} + 0716+ 6T {(Far +qFi)" +2(Fyr +qFa)" + (Fy
+qF3) "} + o] {(Foi +qF1i)" +2(Fsi+ qFa)"
+ (Fai+qF3)}.

By replacing the values of adaptive laws é 0 and the values
of vy, v; proposed in (30), the above system (31) becomes:

V =—ki6! 6, — ko] 6;— k670 — k3o sign(o,)

— k4o sign(o;) < 0. (32)
This shows that the designed sliding surfaces o,, o; and adap-
tive laws @ — 0; therefore, e, ex; — 0, k = 1,2,3,4. The con-
vergence of error system to zero ensures HS of coupled com-
plex chaotic permanent magnet motors systems connected in
ring topology.

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137056
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6. Simulation results and discussion

Simulation results were presented by taking the following ini-
tial conditions, x (0) = (1+2,3+6,,5)7, x(0) = (4 —2j,1+
2j78)T’x3(0) = (_3+4ja_2+5j7_1)T’ )C4(0) = (5 _5j34_
2j,3)T. Figure 3(a) displays the concurrence of both the real
and imaginary parts of synchronization error dynamics e,
e12r, €13r, €11i, €12; to zero, Fig. 3(b) displays the concurrence
of real as well as imaginary parts of synchronization error dy-
namics e, €22y, €23y, €21;, €22; to zero, Fig. 3(c) displays the
concurrence of real as well as imaginary parts of synchroniza-
tion error dynamics e31,, €32,, €33y, €31i, €32; to zero. Figure 4
depicts that dynamic states of all the systems are synchronized.
Figure 5(a) shows the convergence of anti-synchronization er-
ror dynamics ejy,, €12,, €13r, €11i> €12i t0 zero, Fig. 5(b) shows
the convergence of anti-synchronization error dynamics e,
€2r, €237, €21, €22; to zero, Fig. 5(c) shows the convergence of
anti-synchronization error dynamics e31,, €32y, €33r, €31, €32; tO
zero. Anti-synchronization phenomena of all the systems con-
nected in the ring connection is depicted in Fig. 6(a—e). From
this, it is very clear that the dynamic states of second systems
are anti-synchronized with the dynamic states of the first sys-
tem. The states of the third system are anti-synchronized with
the second system but these are synchronized with the first sys-
tem due to the connection arrangement. Similarly, the states of
the fourth system are anti-synchronized with the third system
but are synchronized with the second system. Figure 6(f) shows
that the estimated parameters a,b converge to their true values
a, b respectively.

CrrCiaeCaeC i

s 10 12

Time(s)

(a)
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Time(s) 7
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5 10 12

Time(s)

(©)

Fig. 3. Convergence of real as well as imaginary parts of syn-

chronization error dynamics eji,,e12,,€13r,€11i,€12i» (b) Conver-

gence of real as well as imaginary parts of synchronization errors

e1r,€22r,€23r,€21i,€22i, (¢) Convergence of real as well as imaginary
parts of synchronization errors e3y,, €32, €33,,€31;,€32i

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137056

X315 a1

5 10 12

Time(s)

(a)

o s

Time(s)

(b)

X% 02X 300X a0r

s 0 12

Time(s)

(©)

Time(s)r

(@

Time(s) 7

©

Fig. 4. (a) Synchronization of real parts of system states
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states x12,,X22,,X32r,X42r,(d) Synchronization of imaginary parts of
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Fig. 5. (a) Convergence of real and imaginary parts of anti-
synchronization errors ej,,e12,,€13€11i€12i» (b) Convergence
of real and imaginary parts of anti-synchronization errors
€1r,€22r,€23r,€21i,€22i» (c) Convergence of real and imaginary
parts of anti-synchronization errors e31,,€32,,€33,€31;,€32;
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Fig. 6. (a) Anti-synchronization of real parts of system states x,,.,
X1, X310 X41,» (D) Anti-synchronization of real parts of system states
X275 X22p5 X32,5 X405 (€) Anti-synchronization of real parts of system
states xi3, X»3, X33, X43, (d) Anti-synchronization of imaginary parts
of system states x;;;, X21;, X31;5 X41;» (€) Anti-synchronization of imag-
inary parts of system states x,,;, X22;, X32;> X425, (f) Convergence of
estimated parameters 4, b to their true values a, b

7. Conclusion

The synchronization of complex chaotic PMSM systems is of
increased practical importance in the field of electrical engi-
neering. This article presents the control design method for HS
and parameter identification of ring-connected complex perma-
nent magnet synchronous motor (PMSM) systems. Design of
the desired control law is a challenging task for control engi-
neering applications due to parametric uncertainties and chaotic
response to some specific parameter values. In order to achieve
HS and to estimate the unknown parameters for complex PMSM
systems, an adaptive integral sliding mode control is proposed.
To apply adaptive ISMC, the error system is firstly converted to
a unique system, consisting of nominal part together with some
unknown terms which are computed adaptively. The stabiliz-
ing controller incorporating nominal control and compensator
control is designed for the error system. On the other hand, the

compensation controller and the adapted laws are designed to
get the first derivative of the Lyapunov equation strictly neg-
ative. Simulation results verify the appropriatness of the pro-
posed technique by showing the convergence of error dynamics
to zero and HS of system states. Moreover, this work can be
extended further by incorporating coupling delays.
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