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1. Introduction

Nowadays, AC machines are considered an important type of electric power supply systems for
every industrial establishment, since they convert mechanical energy into electrical energy
(generators) or vice versa (motors). Most of the electrical energy is obtained from mechanical sources
(e.g., waterfalls and wind) or by using a mechanical station as an intermediate stage such as steam and
gas power stations. In such systems, the generation process is known as electromechanical energy
conversion. Normally, a magnetic field is used as a conversion medium. That field can be obtained
from a separate source or through some type of self-excitation which uses a part of the generated
power for field production.

The basic operation of many types of electrical generators relies on periodic inductance time
variation. This variation is possible, as shown in Figure 1, by using two methods. The first method
depends on the variation of magnetic coupling between two series-connected coils, where one is fixed
while the other is rotating. The second method is obtained if the magnetic reluctance to a coil MMF
varies on rotation due to the magnetic saliency of the rotor member. For self-excitation, the varying
inductance (regardless the source of variation) is connected to a capacitor with a suitable amount of
capacitance that depends on the circuit parameters and mechanical speed. Consequently, the whole
system can be described by using (non)linear differential equations. To ensure successful generation,
the system has to have some residual magnetism in its iron parts and/or a capacitor charge. These
amounts represent the necessary initial conditions required for a non-trivial solution. So, this type of
generator represents a simple and reliable type of energy converter which is expected to be suitable
for use with renewable energy sources and energy harvesting applications.

Stator Stator
X X
Y Yy Y Y Y
~—/
l L(x) } ! Lo
a) Mutual inductance variation b) Magnetic reluctance variation

Figure 1. Basic construction of AC machines.

The dynamic analysis of such power machines is as necessary as the need to obtain particular
sustained periodic stable output modes that have to be achieved. So, finding an exact mathematical
model by considering real variations is needed to investigate the dynamic stability of the machines
and their periodic responses under transient events such as those induced by the saturation effect, slow
change in the resistances and the existence of relative movement between the stator and rotor. In most
cases, AC machines in general might be considered as a dynamic RLC circuit which is represented by
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non-autonomous (non)linear second order differential equations, cf. [1,2]. For instance, the existence
of relative movement between the stator and the rotor in AC machines considers inductances as variable
coeflicients in the equivalent circuit structure, cf. [2, 3].

The stability analysis of a dynamical system is considered to be the key step that facilitates an
understanding of how changes can affect such a system. Indeed, the design parameters and the design
of stabilizing feedback controllers might cause a bounded or unbounded response. Recently, the
appearance of the three common mathematical phenomena in nature, i.e, periodic coefficients,
fractional order derivatives and time delays that are included in modern models of real processes
makes the study of stability and control much more attractive, cf. [4—10]. Specifically, systems with
periodic coeflicients are often relevant to models of engineering and physical problems which have
been studied carefully, as described by Mathieu in [11] for free oscillations of an elliptic membrane;
also see [12-18].

It is generally agreed upon that, such systems with periodic coefficients are still a hot point in
mathematical research. However, an analytical solution of the general Mathieu equation is still an
attractive study for its applications. In particular, the study of parametric resonances (which are
subharmonic resonances that exemplify the response of a system to a kind of periodic force) and
transition curves require relatively high accuracy to ensure that the practical use does not depend on
numerical calculations. In general, somehow, certain approaches are designed in order to introduce
semi-analytical approximations of periodic solutions for such systems, cf. [19-22].

Due to the electrical construction of AC machines, they might be expressed by a circuit structure.
Additionally, the difference between AC machines and general static machines is the existence of
relative movement between the stator and the rotor of the former. Hence, some loop inductances of
AC machines depend upon the rotor position, i.e., these inductances are considered to be variable
coeflicients, cf. [23,24].

Consequently, regardless of the power measurements and control accessories, the complete
governing equation of the natural response (y) in such AC machines under a periodic variation of
inductances reads as follows:

1
(1 +heos20y” + 2+ Ly =00 = ey = s (1.1

1 w R
>0a=2500-= >0,
VL,C wo woLo

where 1 is a constant representing a system perturbation on the inductance due to the relative movement
between the stator and rotor of the AC machine, L is the inductance when & — 0, C is the capacitance,
R is the resistance, w is the operating frequency due to the existence of A, and x = wt (¢ refers to the
time). However, if it is considered that, the system is undamped (Q = 0), then the solution can be
easily obtained with the aid of Jacobian elliptic functions, cf. [25-27].

The contribution of this work is that: it is an investigation of the dynamic stability of linear
dynamic models of AC machines via the Lyapunov second approach which is needed to construct
approximate forms of stable periodic responses. Based on the equivalent circuit parameters, it is
essential to obtain the intervals of such parameters to get a stable periodic output. Moreover, the
prediction of resonances defined on the stable domains is considered. Consequently, the stability

Wy =
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charts have been drawn to illustrate the stable and unstable regions separated by the transition curves
via the method of strained parameters based on the deduced stability conditions. In addition to, this
work is introduced to complete the work of the mathematical development for certain interesting
engineering problems through the use of the harmonic balance and variational iteration methods
in [23,24].

This paper is organized as follows. In Section 2, we introduce the model of AC machines and the
derivations of the stability conditions through the use of the Lyapunov function approach. In Section 3,
the existence of a periodic solution is proved by using the method of strained parameters based on
the stability conditions. In Section 4, transition curves are obtained with the aid of relations between
the @ — h parameters. In Section 5, we predict the stability of periodic motion by using the change
of energy due to the perturbation and dissipation of the governing system. In the last section, the
conclusion, discussion and future outlook are given.

2. Stability analysis

This section is devoted to obtaining the relationships among the model parameters in order to
establish necessary and sufficient conditions for the asymptotic stability of the natural response.
However, it would be better to apply the second approach of Lyapunov by constructing a suitable
Lyapunov function for the required analysis. However, optimal construction of the Lyapunov function
is dependent on the system parameters for the derivation of consistent conditions; this is required to
obtain an asymptotically stable response and capture the ranges of parameters used for the
construction of the periodic solutions, cf. [28-31]. To generalize the stability results for the case of
time varying inductance, the governing equation is transformed to the following general form:

Y+ f0y + g(x)y =0, 2.1
where
= Q - ! 2.2)
flo = a(l + hcos2x)’ 8 = (1 + hcos2x) @.

In the proofs of the stated theorems, we propose different constructions for the Lyapunov function (V),
which is required to approach a reliable accuracy of the real energy functional needed to obtain more
specified conditions in the studied system.

Theorem 1. The zero solution of the governing equation is uniformly asymptotically stable if the
following conditions hold

|h| < landh < g (2.3)
a

Proof. 1*" construction of V: Let the Lyapunov function with the aid of [32] be the following

72

g(x)’

V=Vxyy)= y2 +cyy + 2.4)

where
1 2gp o
c=min{—, ———=1>0, 8¢ /f,p>0 (2.5)
V8 302+ 1)
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and ,
1g'(x)

PO 3

+ f(0).

(2.6)

Now, we have to prove that V is positive definite and decreasing, and that the first derivative (V’) is
negative definite until the zero solution of the governing equation becomes uniformly asymptotically

stable. Thus, we will write Eq (2.4) as

1 1 1 2
V-4 NV (—— — )2
>y +2(y+cy) +(g(x) 2)y

With the aid of Eq (2.5), and by using the following relation
g=<sglv<g,

Eq (2.7) is converted to the following inequality

1 1 2 1 72
Ve oy +(=-=)? > (P + ) >0
g 2 2 8
We also can write Eq (2.4) as follows
Cy, 2 1 C2 72
V=2"—(y— =)+ (— +—p">
y =@ > ) (g(x) 1 )y

With the aid of Eq (2.8), Eq (2.10) is converted to the following inequality

2, L,
V <2y + (= + )"
g 4
From Eqgs (2.7) and (2.10), V is positive definite and decreasing.
Now, we will calculate the first derivative of V which is given by

2 ’ 72
V= @yt ey + ey —) — gy — fy) — B
g(x) g7 (x)
Eq (2.12) is converted to
2
V' = gy - efy - (2D _ 2,
g(x)

and with the aid of the following relations

lfl < f,

and
p(x) 2 p,
Eq (2.13) is converted to the following inequality:

’ 2 - ’ 2£ 2
V' < —clgy —f|y||y|+(§ - Dyl

2.7)

(2.8)

(2.9)

(2.10)

2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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From Eq (2.5), and by simplifying Eq (2.16), we get

2 — —2

, 8 8 Vi, 2P ,
V< el s S = L2 oL gy, 2.17)

2 2 g cg 25
Hence, with further simplification, we obtain
-2

g 2p 1 )4
Vi< —c[=/— +(= - I Dyl < —cl=gy* + =y"]. (2.18)

2 cg 28 2= cg

Thus, from Eq (2.18), V' is negative definite.

Finally, the zero solution of the governing equation is uniformly asymptotically stable if the
following conditions are fulfilled:

L f(l < f, 1. g < g(x) < g, iil. p(x) 2 p.

Now we will apply the previous conditions to our practical system.

Condition (i) |f(x)| < f < 2 is satisfied.

1 1
Condition (i1)) 0 < —— T <g) < m is fulfilled if
|h| < 1. (2.19)
Condition (iii hsin2x+% 0 is fulfilled if
=— ¢ >
ondition (ii1) p(x) T hoosax = p > 01s fulfilled 1
< ‘2’ (2.20)
a

2"d construction of V: In this construction, the two functions f(x) and g(x) are bounded as follows:

lfOl <My, g0l < Ma, 18" (0)| < Ms. (2.21)

Now, with the aid of [33], let the Lyapunov function for this system be

’ 72
L

1 yy
V== +2B 1. (2.22)
2 Je(x) &)
The first derivative of V is given by
1 (x) ) ,
P2 4 By? - Bp(x)yy — Bg(y). (2.23)
\/g(x \/g(x
where
8a’ e
0 < B < min[l1, 1, a,a,>0. (2.24)

\/_ (M5 + 2, M,)> VM,

The zero solution of the governing equation is uniformly asymptotically stable if the following
conditions are satisfied:
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1) g(x) > ay >0,
(1) p(x) > ap > 0.

Now we will apply the previous conditions to our practical system.
Condition (i) is satisfied if

|h| < 1. (2.25)
Condition (i1) is satisfied if
h < Q (2.26)
o

From [33], if the two conditions are fulfilled, then there are exist positive numbers B; and B, such that
for x > xy > 0, the following inequalities hold

ly(x)] < Bie B0 y/(x)| < Bye B2, (2.27)

3" construction of V: In this construction, we follow [34] and let the Lyapunov function be

1 1
V=—y'+—y72 (2.28)
28(x)°

with the first derivative given by

1
V= —W@g(@f () + g/ (0))y”. (2.29)

The zero solution of the governing system is uniformly asymptotically stable if the following conditions
are satisfied
(i) 38,8>0 Vx20:0<g<gx<g,
() AF>0 Yx>0:[f) <7,
(1) da>0 Vx=>0:0<a<g(x)+2gx)f(x).
Condition (1) is satisfied if
|h| <1, (2.30)
and Condition (i1) is consequently satisfied.
Also, from Condition (iii), g’(x) + 2g(x) f(x) =
if

. 0 . )
(1 + hcos 2x)? (hsin2x+ E) > >0, 1s satisfied

h < Q (2.31)
a
Then, the two conditions hold.

4™ construction of V: In this construction, following [34], the Lyapunov function is

V=(+Py) +2gx) — P)y?, (2.32)
and the first derivative reads as follows:
V' = =2Pg(x)V(x) — d(x)y”, (2.33)
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where

1 E
P:min(—_, p— ),
2f M+4+4P>g+ fE

:2P2g(x) - Pf(x)+1

q(x) e (2.34)
d(x) = = 2P — ¢'(x) = 2Pg(x)q(x) + 2f(x) + 1,
E,M,83.f>0.

The zero solution of the governing equation is uniformly asymptotically stable if the following
conditions are fulfilled:

1) fox g(s)ds - 0 as x — oo,

1) Vx>0 0<g<glx)<g,
(iii) Vx>0 |f(0)] < fand |f/(x)] < MIg(x),
iv) Vx>0 0< Eg(x)2 < g'(x)+2g(x)f(x).

From Condition (i), we have

— = tan” ( ), h°<1,
@ Jo l+hcos2s 241 -2 1+h

and the integration — co as x — oo if & < 1; then, Condition (i) is satisfied.
Condition (ii) is satisfied if

Ih| < 1. (2.35)
From Condition (iii)
- 0 )
lf(ol < f < ~ and |f"(0) < M|g(x)|
are satisfied if 0 < — —— and this is fulfilled if
a
|| < 1. (2.36)
Condition (iv) is satisfied if
h < g (2.37)
a
Hence, the conclusion holds and the proof of the theorem is complete. O

Theorem 2. The zero solution of the governing equation is hyperbolic and asymptotically stable if the
following condition is fulfilled

a> \5/11__}12 \/1 — 21 + %2), (2.38)

vielding
Ih < 1, (2.39)
Q< % V1 -h (2.40)
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Proof. Let us transform the governing equation to the equivalent Hill’s equation, cf. [35, 36], by
imposing the conditions that f(x) and g(x) are continuously differentiable with

Y(x) = z(x)e 2 Fx, 2.41)
Then, the governing equation is transformed to
Z"(x) + B(x)z(x) = 0, (2.42)
where | .
Bx) =8(x) - =f "(x) = 7/ 2(%). (2.43)
The function B(x) is continuous and z-periodic

1 Qh sin 2x 0?

- - . 2.44
a*(1 + hcos2x) a(l +hcos2x)®?  4a?(1 + hcos2x)? (2.44)

B(x) =

If the following conditions are fulfilled: i. [ f(x)dx > 0,ii. [" B(x)dx > 0, iii. [ A(x)dx < %, then
solutions are bounded and the characteristic exponents of Eq (2.42) do not have a positive regl part;
then, the zero solution is hyperbolic and asymptotically stable, cf. [28].

Now, let us apply these conditions to the governing system. First, by using contour integration, we
calculate the following definite integrals:

fﬂf(x)dx = L
0 a

Vi—n?
T T hZQZ
(x)dx = [1- I
L‘ B 2 V1 = 2 4(1 — h?)
then, the conclusion holds. i

These results are verified numerically by constructing the figures shown in Figures 2—6 using the
4™ _order Runge-Kutta method. The stability of the solutions is clearly shown under the conditions
derived from Theorems 1 and 2 as well as the instability.

0.2 0.4
0.3
0.1

0.2
= 0 = 0.1
0

-0.1¢
-0.1
-0.2 -0.2

0 10 20 30 40 50 0 2 4 6 8 10

T x

(a) Stable state for h < 1 (h = 0.1, Q = 0.2 (b) Unstable state forh > 1 (h = 1.2, Q =
and @ = 0.9). 0.2 and @ = 0.9).

Figure 2. Stable and unstable states according to the conditions of Theorem 1.
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05
0.15
0.1
0.05
= = 0
0
-0.05
-0.1
-0.15 -0.5
0 10 20 30 40 50 0 10 20 30 40 50
xr T
o _ o _
(a) Stable state for h < = (h = 0.4, Q = (b) Unstable state forh > = (h=0.5, Q =
a a
0.5and @ =1). 0.2 and @ = 1).

Figure 3. Stable and unstable states according to the conditions of Theorem 1.

0.5

-0'50 20 40 60 80 100 0 20 40 60 80 100

x T
(a) Stable solution at 2 = 0.2, @ = 0 and (b) Unstable solution at 2 = 0.2, Q = 0 and
a=1.1. a=1.

Figure 4. Stable and unstable states according to the conditions of Theorem 2.

0.4 4
0.2 2
> 0 >0
02+t -2
-0.4 4
0 20 40 60 80 100 0 20 40 60 80 100
T T

(a) Stable solution at 2 = 0.3, Q = 0.1 and (b) Unstable solution at # = 0.3, Q = 0.1
a=1.1. and o = 1.02.

Figure 5. Stable and unstable states according to the conditions of Theorem 2.
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0.4 T T T . 6
4
0.2
2
= 0 =0
-2
-0.2¢
-4
-0.4 : ; ; ; -6 ; ; ; ;
0 20 40 60 80 100 0 20 40 60 80 100
T T

(a) Stable solution at 2 = 0.5, Q = 0.2 and (b) Unstable solution at 2~ = 0.5, 0 = 0.2
a=1.17. and a = 1.06.

Figure 6. Stable and unstable states according to the conditions of Theorem 2.

3. Construction of periodic solutions

Based on the stability results presented in Section 2, in this section, we derive an approximate form
of periodic solutions of the governing equation in accordance with some specific regions of |h| < 1.
Hence, h can be a small perturbing parameter in the applied perturbation technique. However, several
methods can be applied based on 4 such as the Linstedt-Poincare method, multiple scale method and
averaging method, cf. [37-39]. An efficient method is needed to capture the behavior of the periodic
solutions for specific values of & that yield somewhat accurate relations for the transition curves. In
[40,41], it is explicated that the straightforward expansion methods mostly fails to obtain a form of
periodic solution and consequently the prediction of the transition curves for linear problems with
periodic coefficients such as the classical Mathieu equation. Thus, here, we introduce the method of
strained parameters to deduce the required results for the construction of periodic solutions and hence
obtain a more accurate description of transition curves along them, cf. [42,43].

The necessary condition for asymptotic stability is covered by |h| < 1 which allows us to construct
a convergent stable periodic solution as a function of y = y(x, h). We have eliminated the terms that
produce secular parts which do not lead to convergent solutions with non-resonant parts.

In order to facilitate the perturbation methods, we scale the damping coeflicient Q to be hQy; then,
Eq (1.1) reads as follows:

v’ + 6%y = —hcos(2x)y” — hQydY, (3.1)
where |
§=— =20 (3.2)
a w

By using the method of strained parameters, ¢ is needed to expand around &, = n?, where n € Z* in
powers of &, with the expansions of the solution y(x; /) and the coefficient Q. Thus, we seek a uniform
expansion in the following form:

y(x,h) = yo + by, + B*y, + I’y + O(h*), (3.3)
8 = n* + hé| + h*6y + I°53 + O(hY), (3.4)
6% = n* + h(2n*S)) + h*(6] + 2n°8,y) + h(26,6, + 2n°63) + O(h*). (3.5)
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By substitution and upon equating the coefficients of each power of 4, then we have

yo +n'yo =0,

Y/ +n'y; = = (2n%61y0 + cos(2x)yy + Qon’yp),

V) + ntyy = — ((6% + 2n%6,)yo + 2n°8,y; + cos(2x)y/
+ 0061y, + Qon*y)),

Vi +ntys = = ((26162 + 20°83)yo + (67 + 2n28,)y;1 + cos(2x)ys
+ Qon’yy + Qo61; + Qod2yy).

(3.6)
(3.7
(3.8)

(3.9)

Hence, we seek the periodic solutions at different values of n. First, when n = 0, the periodic
solution is zero, thus this case leads to the trivial solution. Typically, the period of the solution is based
on the oddness or evenness of n, within 27 or 7 respectively. In what follows, it is considered only
for some different cases for n. Consequently, the transition curves that correspond to the positive and

negative ¢ values are derived.

Case of n = 1:

The periodic solution with period 27 reads as follows:
1
y(x,h) =acos x + bsinx — Eh[a cos3x + bsin 3x]
1 3
+ hz[—g(Al cos3x + A, sin3x) + ﬁ(a cos 5x + bsin 5x)]

1 1
+ h3[§(A3 cos3x + Assin3x) + ﬁ(A5 cos 5x + Ag sin 3x)

25 ) 4
+ 8192(a cos7x + bsin7x)] + O(h™),
where the coeflicients are
=— % -b  for o, b= Ala for o,
201 — 3 201 + 3
1 3 1 3
A= §5la + EQob, Ay = §51b - EQOa»

1
A3 = = T (8 +262)a = 6Q0A2 +3Q051D),

1
Ay =— E(((S% +262)b + 600A; — 30061a),

1 15 1 15
As =— —(9A; — —Opb Ag = ——0OA, + —
5 16(9 1 16Q0 ) 6 16(9 2+ 16Qoa),
1 1 5 1 1
5-1'— :Z - EQO’ 61 = _Z + EQ()’
1 1 9 1 1 9
+ _ (82 _ - _ _ 2 - _
0, —2(51 251 32), 0, 2(51 + 251 32),
1 9 27 1 9 27
03 == =0+ — 01 — ——. 63 = =0+ —0O1 + ——

2 64 512 2 64 512

(3.10)
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a and b are arbitrary constants to be determined from the initial conditions.
The corresponding positive and negative values of ¢ read as follows:

1 1 1 1 9
OF=1+h(--= —h(5% - =6, — —
+ (4 2Qo)‘i'2 (6 501 32)
1 9 27
h3__ - = h4
+h( 252+6461 512)+O( ),

1 1 1 1 9
S =1+h=0Qy— =)+ =I5 + =6; — —
+ (2Q0 4)+2 (1+21 2
1 9 27
h3_ 7 = h4
+ (262+6451+512)+0( )

)

Special Case of Qg = 0:

The values of 6 read as follows:

111 35 479
5t = 14 —h— —h 4 = 2
1" e T 104" T 8192
111 35 479
T=l--h-—h-——n-—n n).
0 2T e T 100" " g O

h* + o),

Case of n = V2:

The periodic solution with period  reads as follows:

1
y(x,h) =acos2x + bsin2x + h[g - g(a cosdx + bsindx)]
0 1
— R[=a + —(A; cos 4x + A, sin 4x)
2 12
1 . sa l 5
- ﬁ(a cos6x + bsinbx)] — h [1(551 +26,)
1 1
+ E(A3 cosdx + Ay sindx) + 3—2(A5 cos 6x + Ag sin 6x)

1
+ —(acos 8x + bsin 8x)] + O(hY),

80
where the coeflicients are
a:—%b for &%, b= %a for &7,
01 01
2 Q() 2 QO
A; ==b61a +4=0b, A, = =01b—4=—a,
1=3018 T 2= 39 3¢
A (5%+4(52+3) +(2Q5)b+2QA
= —_ a p— — N
3 6 1 3 £001 3 o2
5 +462 3 2 2
Ay =(- + )b — (5 Q061)a — = oAy,
4 =( 6 4) (3Q0 a 3Qo 1
2 1 2 1
As =§A1 - EQob, A = §A2 - EQOG,

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
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61 =Qo, o; = =0,
1 4 1 4
63 =761 = 3), 6y = 761 -3),
| 4 - | 4
5; = 151(52 - §), 53 = —151(52 - 5)-

The corresponding values of ¢ read as follows:

1 4 1 4
6" =2+ h(Qp) + hz[z(cﬁ - P+ h%—zcsl(az —g)+ Oo(h)*,
1 4 1 4
6™ =2+ h(-Qp) + hzqz(é% -+ h3(—161<62 —g)+ O(h)".

Case of n = V3

The periodic solution with period 27 reads as follows:

y(x,h) = acos3x + bsin3x + h%[acosx + bsinx
1 1
- E(a cos 5x + bsin 5x)] + hz[—6—4((A1 oS x + Aj sin x)
1 15
+ §(A3 cosS5x + Ay sinSx) — I(a cos 7x + bsin7x))]

1 1
+ I’[y; — —=(As cos x + Ag sin x) + E(A7 cos 5x + Agsin 5x)

128
+ ! (A Tx + Ajo sin 7x) 245( 9x + bsin9x)] + O(h*)
_— COS Sin — COS Sin
20ag 0 COS AT A0S I TSR A COS I * :
where the coeflicients are
3 3
a=- E%Ob for o7, b= _E%Oa for &7,
9 0 9 0
A =76 - Da+ b, A= Q16+ Db - a.
45 45
Az =961a + ZQob, , Ay =90,b— ZQOCZ,
1 1
As =9(8% + 665)a + 90Q061b + 73004 — SA)),
1 1
Ag =9(67 + 602)b — 9Qp61a — Z(SQOA] = EAZ)’
9 735 5 5
A7 =—[(63 - Ya+=b+—A
7 =35 101 4602 = 55 )at Sb+ Hodal,
9 735 5 5
Ag =—[(6% + 66, — —)b — —a — —A;3],
8 =35 101+ 602 = 70)b = 5a = 704l

Ag =5A5 — 210, A = 5A4 + 21a,

3 B 3
51 ZEQOa 0, = —§Q0

(3.16)

(3.17)

(3.18)
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1 207 1 207
6+:—52——, 5_:—52—_’
2 6(1 64) 2 6(1 64)
1 1615 1 1615
o =— — 5, -9), 67 = —— 5 .
3 54( 9 1—9) 3 54( 9 1+9)

The corresponding positive and negative values of ¢ read as follows:
207 1 1615

3 1

+ = 12182 1.3 _ 4
6" =3 +h(500) + 18] = 71 = 27 W l—5=61 = 91 + O(h)',
o 3 1, , 207 1 51615 )
6" =3+ h(=500) + P16} = 5] = gy 1=5=61 + 91+ 0",

Caseofn=2

The periodic solution with period & reads as follows:

2
y(x,h) =acos4x + bsindx + h[g(a cos 2x + b sin 2x)

2 1 4
- g(a cos 6x + bsin 6x)] + h2[ﬁa - §(A1 cos2x + A, sin 2x)

4 3
+ g(Az cos 6x + As sin 6x) + %(a cos 8x + b sin 8x)]
1 1
+ h3[—E(A5 cos2x + Ag sin2x) — %(A7 cos 6x + Ag sin 6x)

1 3 13 . 1
+ E(§A3 + b)cos 8x + E(gm —a)sin8x — ﬁAl] +O(h*),

where the coefficients are
2 2
a=- &b for 6%, b= &a for o,
61 51
Ay =61a+ Qob, Ay = 61b - Qoa,
Az =01a +3Qob, Ay =061b-30Q,,
) 8 32
As =(6] +4062)a + (§Q051)b - ngAz,
8 32
As =(67 + 463)a - (§Q051)b - ngAl,
48
A7 =(87 + 462)a + (60061)b + < QoAs,

48
Ag =(67 + 46,)b — (6000 ))a — ?QOAAL,

6-1'— :2Q0, 5; = _ZQO’

1 88 1 88
63 =501+ 15) 6 = 261+ 10
14 o 14
3 700500 37 057"

The corresponding positive and negative values of ¢ read as follows:

1 88 14
5t =4 + h(2Q,) + ghz(cﬁ + E) + h%Eal) + O(hY),

(3.19)

(3.20)

(3.21)

(3.22)
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1 88 14
6" =4+ h(=2Q) + <h*(67 + —) + I’ (===61) + O(h*). 3.23
(=2Q0) + 270y + 72) + I (55501) + O() (3.23)
The numerical verification of such results is shown in Figures 7 and 8. The first shows the stable
periodic solution with period 27 at Qp = 0; the numerical solution is so closed to the approximate
solution. Also, the second shows that if Qy is increased by increasing the resistance of the system then
it leads to changes in the positions of the periodic solution.

-0.3 ' ' -0.3

€z €z

(a) @=0.977248 (b) @=1.027494
Figure 7. Periodic solutions for Qp = 0 and 2 = 0.1.

— — —Numerical solution
O Approximate solution

— — —Numerical solution
O Approximate solution

0.2+

0.3 : : 0.3
@ x

(a) =0.967436 (b) @=1.049660

Figure 8. Periodic solutions for Oy = 0.1 and & = 0.2.

4. Prediction of transition curves

In this section, we are concerned with the existence of transition curves for the governing equation of
the studied problem. This means that, there exists critical boundary curves which divide the space (9,h)
into regions where the numbers of unstable characteristic exponents might be constant according to the
derived relations from the method of strained parameters. Therefore, the changes of these numbers
along the boundary curves by the relationships between ¢ and h create regions separated by such
transition curves exhibiting the stability and instability regions for the studied system.

AIMS Mathematics Volume 8, Issue 4, 8902-8927.



8918

The plot shown in Figure 9 illustrates the transition curves for each value of the damping coefficient
(Q) as a barrier between the stability and instability regions for different values of ¢. So, it explains the
transition from stability to instability around the integer values of (§ = 22). Practically, in accordance
with the presented theoretical analysis of stability, the region of the parameter 4 lies on (-1,1) for stable
motion coinciding with the machine operation points. So, as shown in Figures 10 and 11, around
(6 = 22 = 1), a set of transition curves separate the domain for 0 < & < 1 to stability and instability
regions depending on the damping coefficient (Q). As can be clearly noticed from the depicted figures,
when the damping coeflicient (Q) is increased, the region of stability increases until the instability
region completely disappears.

stable

stable

0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

J

Figure 10. Transition curves for different values of Q and n = 1 in the § — & plane.
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-

—_——
-
—_—

0.8

—_
—_—

0.6
stable

04F
stable

0.2

Figure 11. Transition curves for different values of Q and n = 1.

5. Stability of periodic solutions

The stability of periodic solutions can be readily predicted from Figure 9 based on the value of 4 on
the interval (-1, 1). Additionally, it is mostly emitted from the integer number for the ratio @ = wﬂo =n,
n € Z*; otherwise, the periodic solution is unstable; this is obviously shown in Figures 12—-13 when
Q = 0. Typically, this can be proved by calculating the average of the energy change (AH,,(x)) over
the period [0, 2] for the basic generating solution y = a sin éx as follows

h 2 ’ ’” QO ’
AH, (o) = —— y'(cos2xy”" + —y')dx. 5.1
21 Jo a
Then, the stability of periodic solutions is satisfied if the following condition holds
9 :
a—(AHw(a)) = AH, (@) < 0. (5.2)
a

Indeed, if this fraction is odd the curves show the periodic solutions with period 27 and if it is even the
curves show the periodic solutions with period 7.
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unstable periodic solution region

critical line

takle'perindic s ion re ion\\
SRR e
3 4 5

A
Figure 12. Stability domains of periodic solutions based on ¢ values.

10 T T T T
unstable periodic solution region
5r Qo= 0 4
—
3
o d
> critical line
© 0 —
C
q .
-5 r E 4
Q =1 : stable periodic solution region
-10 1 Il 1 1
0 0.5 1 1.5 2 25

«

Figure 13. Stability domains of periodic solutions based on a values.

Normally, increasing damping coefficient (Q)(resulted by increasing the dissipated energy in the
system) does not affect the stability of the periodic solutions, but it increases the stable regions by
default. Finally, we attempted the numerical verification for the existence of the periodic solution in
certain (a, h) curves. Thus, the periodic solutions we are checked at many points along the transition
curves for different values of Qy=0, 0.1, 0.2 and 0.3 emitted from @ = 1 with period 2r. First, the
values of & and a at some points were set as shown in Figure 14. Then, we found the numerical
solutions with sustained periods which are shown in Figures 15-18. These figures show the existence
of periodic solutions for different values of 4 in (-1, 1) and the change in their configurations when &
and « are consequently changed.
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 0.9416 / h 0.9447
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(a) Periodic solution at Q = 0.
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(¢) Periodic solution at Q = 0.2.
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(b) Periodic solution at Q = 0.1.
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©
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(d) Periodic solution at Q = 0.3.

Figure 14. Values of / and « in the periodic solutions given 0=0,0.1,0.2 and 0.3.
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Figure 15. Periodic solutions given Q = 0.

AIMS Mathematics

Volume 8, Issue 4, 8902-8927.



8922

AIMS Mathematics

0.2
0
-0.2
0
-0.2

0
-0.2
0.2
0
-0.2

0.2

-0.2

o
n
B
®
g
o
3
o
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Figure 16. Periodic solutions given Q = 0.1.
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Figure 17. Periodic solutions given Q = 0.2.
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0.2 0.2
= 0 = 0
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() h=0.9324, a=1.05. (d)h=0.798, «a=1473.

Figure 18. Periodic solutions given Q = 0.3.

6. Conclusions

This work was performed to explain and clarify the proper selections of parameters for the
dynamical motion of AC machines by using the stability analysis of the presented model. The used
model is considered to be a linear prototype model to obtain sustained periodic responses. The
qualitative study used to predict the stability regions, and it was carried out by using the Lyapunov
second approach. The concluded results are reasonably consistent with the experimental results. In
addition, the results were compared with the numerical solutions to realize a satisfactory agreement
with the theoretical ones, specifically in cases of small perturbations (4). The method of strained
parameters was used to obtain reasonably accurate forms of periodic solutions inside the required
stable regions. In particular, it showed that the operating regions of machines lies in |h| < 1; it also
revealed the integer numbers of the frequency ratio(a) required to obtain sustained stable periodic
modes of output. These results were checked experimentally for some configurations of AC induction
machines, and it was found that the two results matched relatively well.

Regarding the improvement of the study, this prototype will be enhanced by nonlinear terms due to
saturation and hysteresis of induction machines. Additionally, some other natural phenomena might
be taken into the account such as fractionalization, synchronization and delay effects, according to
the nature of the problem; this will help to obtain the best scenario of desirable results. Indeed, the
solution of the linear system might give conditions under which the sustained oscillations might occur.
Typically, this type of output represents the most usual forms of voltage and current in AC machines.
However, it is not possible to attain steady-state responses in the absence of some forms of controlling
actions, i.e., either via external means or due to some parameter variations. Accordingly, linear analysis
is not sufficient to allow for the study of voltage/current build-up behavior which is essential in self-
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excited generators. Often, the most important phenomenon associated with this type of problem is
the magnetic saturation, which results in a decrease in inductance with an increase in magneto-motive
force (as a result of current) or magnetic flux (as a result of voltage per frequency). So, the magnetic
saturation phenomenon could be considered to have the first impact to generate nonlinearities in the
mathematical modeling of AC machines.

However, due to the presence of such phenomenon within this engineering issue that cannot be
ignored in the study, development and improvement of the mathematical model have become necessary
to enhance the results to a level of perfect consistency with the corresponding practical ones.
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