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Abstract

An analytical approximate solution is constructed for the primary resonance response of a periodically
excited non-linear oscillator, which is characterized by a combination of a weakly non-linear and a linear
differential equation. Without eliminating the secular terms, a valid asymptotic expansion solution for the
weakly non-linear equation is analytically determined for the case of primary resonances. Then, a
symmetric periodic solution for the overall system is obtained by imposing continuity and matching
conditions. The stability characteristic of the symmetric periodic solution is investigated by examining the
asymptotic behaviour of perturbations to the steady state solution. The validity of the developed analysis is
highlighted by comparing the first order approximate solutions with the results of numerical integration of
the original equations.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Active magnetic bearings use magnetic force to suspend a rotor. The force generated by the
magnetic actuator is inherently non-linear and is a function of the current in the stator coils and
the position of the rotor. A magnetic bearing is required to provide a larger magnetic force to
support the rotor when the rotor undergoes an unwanted larger amplitude motion. However,
physical limitations, such as saturation, prevent the force increasing beyond some practical limit.
Saturation phenomena may be manifested in a magnetic bearing as the saturation of the magnetic
material, saturation of the power amplifier, and/or the limitation of the control current. It is of
great interest to be able to determine the dynamical behaviour of a rotor suspended by a magnetic
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bearing, as an accurate knowledge of this behaviour can be used in the design of actuators and in
the fault diagnosis of the system.

Due to the weak non-linearity of magnetic force and the presence of saturation, the equations
of motion governing a rotor that is suspended even in a single-degree-of-freedom magnetic
bearing are non-linear with a piecewise non-linear—linear characteristic. It is well known in the
context of non-linear oscillations [1-5] that the steady state response of a uniformly weakly non-
linear oscillator could exhibit primary and secondary resonances phenomena, for which a small-
amplitude excitation may produce a relatively large-amplitude response. For the non-smooth
non-linear system considered here, which is mathematically modelled by a combination of a
weakly non-linear and a linear differential equation, it is anticipated that such resonances may
also occur in the steady state response of the system. Though the dynamics of piecewise linear
systems has recently been an active topic of intensive research (see Refs. [6—16] and the references
cited therein), the dynamics of a piecewise non-linear—linear system has not yet been reported in
the literature, to the authors’ knowledge.

This paper attempts to develop an approximate solution for the primary resonance response of
a periodically excited non-linear—linear oscillator. Due to the force non-smooth non-linearity in
the equations of motion, the usual perturbation method of seeking a steady state periodic solution
for a uniformly non-linear system is not applicable to the non-smooth system considered here. An
asymptotic expansion is instead used to give an approximate solution for the weakly non-linear
differential equation, which does not need to eliminate the secular terms in the first order
equation. The complete solution for the overall system comprises two parts, which correspond to
the normal operating region and the saturation zone and join at the transition points of the force
non-smooth non-linearities. More importantly, as will be seen, the first order approximate
solution is capable of providing an excellent representation of the exact solution.

2. Equations of motion

The model considered here is a two-pole, single-degree-of-freedom magnetic bearing with a pair
of opposed magnets in combination to provide forces, as discussed in Refs. [17,18]. This simple
model, as shown in Fig. 1, represents the fundamental structure for many more complicated
magnetic bearings.
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Fig. 1. A single-degree-of-freedom magnetic bearing.
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The equations of motion for an unbalanced rigid rotor can be written as
MY" = —CY' + Fyp, + MEQ] cos(QoT), (1)

where Y designates the displacement of the geometry centre of the rotor from the centre of
magnetic bearing, M is the mass of the rotor, C is the damping coefficient, F,,; is the magnetic
force, E is the mass unbalance eccentricity of the rotor, Q is the rotating speed of the rotor, and
the prime indicates differentiation with respect to the physical time 7.

In the presence of saturation, the net force resulting from the difference of attractive forces of
the two electromagnets is assumed to have the following forms:

. .. A
under normal operating conditions, F,; = —2 (B% - B%),
Ko

under the condition of saturation, F,, = +fu, (2)

where 1, denotes the permeability of free space, 4, represents the projection area of the magnetic
pole, By and B, the magnetic flux density, and f;,, the maximum magnetic force. For simplicity,
magnetic flux density and field density are assumed to be uniform through the iron core and air
gap. Field fringing and leakage effects are neglected. The magnetic permeability within the iron
core is considered to be very high (infinite) compared with the permeability in the air gap. The
magnetic flux density in the air gaps is approximately of the form [19]

g =tV (3)

29,

where N; are the number of coil windings (N = N, = N), I; represent the current flowing in the
coils, and g; denote the air gap between the rotor and magnets. The current and the air gaps can
be expressed as

I, = max(ly +i.,0), I, =max(ly — i.0),

g1=690+Y, g=go—7Y, (4)
where I, and i. are the bias and control currents, respectively, and g, is the nominal air gap
between the rotor and magnets. For simplicity, the feedback control system is assumed to generate

a current that is proportional to the rotor displacement and velocity, i.e., a PD controller, with the
form

ie =k, Y +kqY', (5)

where k, and k; represent the proportional and derivative gains, respectively. As mentioned
previously, saturation may occur in several ways and without loss of generality, it may be assumed
that saturation takes place when |k, Y + k;Y'| > 1.

Expanding the normal magnetic force in a Taylor series up to the third order about the nominal
operating conditions (Y,i.) = (0,0), and introducing the non-dimensional parameters y = Y /g,
t = QT in Eq. (1), yields the following equations of motion in non-dimensional form:

J+(c+d)y+ o’y +ay’ + (3d — 2pd)y’y — d*yy* = Fcos Q1 for |y|<ys, (6a)

V+cy+ Fusgn(y) = FeosQt for [y|=y;, (6b)
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where y is the dimensionless displacement of the rotor, the dimensionless proportional and
derivative gains are defined as p = k,go/I, d = kagoQ/1I,, the dimensionless damping coefficient
¢ = C/(MQ), the dimensionless natural frequency w?> = p — 1, the dimensionless forcing ampli-
tude and frequency are given by F = EQ% /(go2?), Q = Qy/Q, the dimensionless maximum
magnetic force under saturation is Fy,, = (p® — 2p* + 3p — 2)/p>, and the dot represents the dif-
ferentiation with respect to the non-dimensional time ¢, Q> = pyN>4,17 /(Mg}), o= 3p —p* — 2.

Here, for simplicity, the upper boundary of saturation zone is set to be approximately equal to
ys = 1/p instead of y, = 1/p — (d/p)ys, as the dimensionless derivative gain is much smaller than
the proportional gain in physical systems.

Roughly speaking, the overall system given by Eq. (6) may admit two kinds of solutions,
namely, a small-amplitude motion (|y(¢)|<y;), and a large amplitude motion (|y(¢)|=y,). For a
small-amplitude motion (|y(¢)| <), the dynamic behaviour of the rotor is determined only by the
solution of Eq. (6a). This kind of motion is not considered in the present paper as the steady state
response can be easily obtained using the usual perturbation method [20-22]. To construct a
solution for the large-amplitude response of the overall system, it is first necessary to seek the
individual general solutions to Egs. (6a) and (6b). Then the solutions are joined at the transition
points of the non-smooth magnetic force by implementing an appropriate set of matching
conditions. A general solution is easy to write out for the linear equation (6b). However, no exact
analytical solution to Eq. (6a) is available so an approximate solution is sought instead.

3. Approximate analytical periodic solutions

This section presents a detailed analytical procedure for developing an approximate solution for
the overall system. The analysis is based on the assumed existence of an asymptotic expansion
solution for the weakly non-linear differential equation (6a) and an exact solution for the linear
differential equation (6b). Then the approximate periodic solution for the overall system is
obtained by imposing an appropriate set of periodicity and matching conditions. It is well known
in the context of non-linear oscillations that primary resonances and secondary resonances (super-
harmonic and sub-harmonic resonances) could occur in the steady state response of a uniformly
non-linear system such as that characterized by Eq. (6a), when the natural frequency and forcing
frequency satisfy a particular relationship. In the present paper, an approximate solution under
the primary resonance conditions is sought using an asymptotic expansion.

For a large amplitude periodic response of the overall system given by Eq. (6), the motion will
enter the saturation region at least once over one period. A typical example of a large-amplitude
periodic motion will enter the saturation region twice over one period, which will be referred to
here as a doubly entering saturation region per cycle of periodic motion. In this section, emphasis
is placed on the analysis and description of such a symmetric motion, as shown in Fig. 2. The
motion consists of four distinct segments according to the following four time intervals; [#, 1],
[t1, 2], [t2, t3], [t3,14), Where ¢; denote the time instants that the non-smooth non-linearities of
magnetic force take place. Due to the symmetry of the solution, only two parts of the motion need
to be considered.

For the first segment of the motion, an approximate solution for the primary resonance
response is sought using an asymptotic expansion method. To use a perturbation method, the
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Fig. 2. A symmetric period-one motion with a doubly entering saturation zone per cycle; x(¢) denotes the segment of
motion in the normal operating region |x(f)|<x;, y(¢) represents the segment in the saturation region [y(¢)|=yy, to
denotes the starting time, and #;(i = 1,2, 3,4.) the time instants that the non-smooth non-linearities take place, + y;
indicate the boundaries of saturation zone.
following variables are introduced: y = ¢'/?x, ¢ =eu, d =¢d, f = &/*F, where ¢ is a book-
keeping non-dimensional parameter. Then Eq. (6a) becomes

%+ e(u + 0)X 4+ w*x + gox® + 2o x7X 4 Soaxx? = ¢f cos Qt  for |x|<x;, (7

where o] = 30 — 2pd, 0y = —8%, x; = 1/(s"/%p).

It is assumed that an approximate periodic solution to Eq. (7) is a straightforward expansion
asymptotic series with respect to powers of the small parameter ¢ [20-22]. The approximate
solution to the first order for Eq. (7) is given by

x(1) = xo(1) + ex1()  for |x(D) < x, (8)

where xo(7) and x(¢) are functions yet to be determined. The second and higher order terms are
neglected in the asymptotic solution, although any desired higher order terms can be easily
obtained using a similar procedure.

To avoid the appearance of the small divisor terms in the first order approximate solution in the
vicinity of primary resonances, a detuning parameter is introduced according to

o’ = Q@ + g0, )

where ¢ is the external detuning, which quantitatively describes the nearness of 2 to w.
Substituting Egs. (8) and (9) into Eq. (7) and equating the coefficients of like powers &’ and ¢ on
both sides, leads to the following set of differential equations:

%o+ @*xp =0, (10)

%1+ Q%x) = —(u+ )Xo — axp — axy 4 f cos Q. (11)

It is easy to note that as a result of ordering, excitation, damping, and dominant non-linearity
terms appear in Eq. (11). This indicates that the first order approximate solution could be capable
of providing a valid representation of the exact solution for the case of primary resonances, as
additional high order terms in the asymptotic expansion solution make a very small contribution
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to the expansion solution. In fact, as will be seen, the first order asymptotic solution is an excellent
approximation to the primary resonance response of the system.
The solution to the homogeneous linear equation (10) can be written as

xo(t) = A sin Q(t — 1) + By cos Q(t — ty), (12)

where 4, B and 1y are constants to be determined. Substituting Eq. (12) into Eq. (11) and solving
the resultant inhomogeneous equation gives rise to the general solution x;(#) as

x1(t) =1 sin Q(t — t9) + L cos Q(t — to) + ki(t — o) sin Q(t — ty) + ka(t — ty) cos Q(t — 1)
+ fitsin Qt + k3 sin 3Q(t — to) + k4 cos 3Q(t — 1), (13)

where the coefficients /;, [, k; and f; are defined in Appendix A. Here, it has been assumed that the
steady state response starts at time instant ¢y from the initial condition x(#y) = —x; and remains
thereafter in the normal operating region |x(z)|<x, until moment #;. Since the origin of the
starting time has been set by a choice of the forcing term in Egs. (13), it is not possible to set
to = 0. It is easy to see from Eq. (13) that three secular terms do not have enough time to grow and
lead to an unbounded response in the steady state response, because both the time interval
(1 — 1)) €(0,7/Q) and time t€[ty, ;] for undergoing this motion are finite and small. Thus, the
nominal secular terms in the solution expressions need not be eliminated properly as is necessary
when the usual perturbation method is applicable for seeking an approximate solution for a
uniformly weakly non-linear equation [1-5].

For the second segment of the motion, the solution to the linear equation (6b) can be expressed
in the form

(1) = Are” ") 4 By +m(t — 1) + Gsin Qt + H cos Qt  for [y(1)|=ys, (14)

where A4,, B> and t; are constants to be determined, m = —Fy, sgn(y)/c, G = cf /(> + Qz),
H=—f/(c*+ .

At this point it is clear that there are six unknowns associated with the problem; that is, four
constants 4, By, A>, B>, and two crossing times #y and ¢;. These constants can be determined by
implementing an appropriate set of initial conditions as well as periodicity, continuity and
symmetry conditions, which can be expressed as follows:

x(t) = —xy,  X(11) =x,, ¥(t1) =&y, P(t1) = ' 2x(1)

T

Here, the last two conditions arise from the symmetry of the solution being examined. The four
unknown constants 4;, B; (i = 1,2) can be determined as functions of the system parameters and
two crossing times 7y and #; by imposing conditions (15a, c, e, f). Then substituting these constants
into the corresponding solutions and imposing conditions (15b,d) yields a set of two
transcendental equations for unknown #y and ¢; as follows:

hi1S10 + hi2Ciro + hi3 sin Q1 4 hi5830 4 h16C30 = Xy,
h21810 + ha Cro + hos sin Q1 + hog cos Q1 + hy5S30 + hasC3o = m — cA», (16)

where the coefficients S19, Cio, S30, C30, and hj; are given in Appendix B.



J.C. Ji, C.H. Hansen | Journal of Sound and Vibration 278 (2004) 327-342 333

Eq. (16) involves system parameters and two unknown crossing times #, and #; only. It is
evident that no analytical solutions to Eq. (16) can be found, and thus numerical means have to be
adopted to solve the crossing times for all possible solutions. The constants 4;, B; (i = 1,2) can be
evaluated after obtaining an appropriate value for the time instants 7y and #;. Then the
corresponding histories of x(¢) and y(¢) can be calculated from Egs. (8) and (14). This procedure
completes the determination of the symmetric periodic solution with a doubly entering saturation
region per cycle.

4. Stability of the periodic solutions

Due to the non-smooth non-linearities of magnetic force occurring at the boundaries of the
saturation region, the stability of the periodic solution can only be determined by investigating the
asymptotic behaviour of perturbations to the steady state periodic solution, as the usual method
involving the classical Floquet theory is not applicable to such a non-smooth system.

Let X(¢) and z(¢) denote the corresponding perturbed solutions to x(¢) and y(¢), respectively.
Performing a similar procedure as used in determining the approximate solution, the first order
approximate perturbed solution of the first segment under the perturbed initial conditions, X (#) +
Aty) = —x,, X(to + Aty) = vy + Avg, can be written as

X(0) = Xo(t) + eXi (1) for |X(D)|<x; (17)
with
Xo(?) = Py sin Qt + Q) cos Qr, (18)

Xi(t) =Ly sin Q1 4+ L, cos Q1 + Kt sin Qt + Kyt cos Q1 + fitsin Qt
+ Kjsin 3Qt + K4 cos 3Q1, (19)

where 7 =t — ty) — Aty, vy represents the initial velocity of the response at time 7y, and the
operator, A, denotes a small perturbation of the operand. Since the perturbations in the initial
conditions are assumed to be small, it is expected that the coefficients in Egs. (18) and (19) will
assume values close to those of the unperturbed motions, respectively [23]. To the first order, the
coefficients in Eq. (18) are given by

Py =P+ Au/Q, 01=0, (20)

where P = v, /Q, O = —x;, are determined by applying the unperturbed initial conditions X (zy) =
—X5, X(ty) = v, in the corresponding unperturbed solution. The coefficients in Eq. (19) can be
expressed as

L; = Lijy + lnAvy + IpAty, i=1,2,
I(_V/':I{/'O—i_klevO: ]: 1a253,45 (21)
where the coefficients L, /1, I, Kjo, and k;; are defined in Appendix C.

At the time instant, ¢ = ¢; + At;, the motion of the first segment reaches the upper boundary of
the saturation region and will enter the saturation zone thereafter. The perturbed response at the
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moment of entrance is assumed to be
X(t + Aty = x4, X(l] + At)) = v + Avy, (22)
where v represents the velocity of the unperturbed response of the first segment at ¢;.
Substituting Eq. (17) into Eq. (22) and keeping only the first order terms yields
ainAty + apAty + ajzAvg = 0,
Avy = an Aty + anAty + ay3Av, (23)
where the coefficients a;; are given in Appendix D.
The asymptotic behaviour of the perturbed motion for the second segment of the response from
time (#; + Aty) to (2 + Afz) can be investigated using the same procedure performed as that for

the first segment. Similarly, the solution under the perturbed initial conditions, z(¢; + At)) =
e!2x,, 2(t) + Aty) = '/2(v; + Avy), can be written in the form

2(f) = Pre =07 L 0y 4m(t — 1) — Aty) + G sin Qt + H cos Q1 (24)

where the coefficients P, and Q, are given in Appendix E.
The perturbed response at the time instant (¢, + Af,) is assumed to be

2ty + Aty) = e'Px,, 2ty + Aty) = £'(v2 + Avy), (25)

where ¢!/2v, denotes the velocity of the unperturbed response of the second segment at 7.
Substituting Eq. (24) into Eq. (25), performing some algebraic manipulations and retaining
terms up to the first order, yields the following equations:

bi1Aty + b1 Aty + bizAv; = 0,
Avy = (ba1 Aty + bypAty + by Avy) /62, (26)

where the coefficients b;; are defined in Appendix F.
Egs. (23) and (26) can be expressed in matrix form as

Aty Aty Aty Aty
=R , =U , (27)

Av; Avg Av, Av;
where R is a 2 x 2 matrix with elements, r|; = —aj2 /a1, r2 = —aiz/an, ra = axn — anap/a,
ry = axy — axays/ay, respectively, and U is a 2 x 2 matrix with elements, u;; = —bj2 /by, ujp =

—bi3/bi1, uz1 = (b — barbia/b11) /€', uy = (bos — bayby3/biy)/e'/?, respectively.
The small perturbations of the symmetric solution during the first half-period of the motion are
obtained by combining the two equations given by Eq. (27) to form an equation

At At
2] oy ] : (28)
Al)z

Al)o
where J represents the transition matrix for the response from time instant (zy + Aty) to (¢, + Ar,),
and is given by J = RU. The stability of the steady state solution is determined by the eigenvalues
of this transition matrix. Denoting the trace of J by 7J and the determinant of J by DJ, the two
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eigenvalues of the matrix are given by
Jip = S[TT+(TJ* — 4DJ)'A, (29)

The symmetric period-one motion is asymptotically stable if both eigenvalues 4; and 4, of matrix
J have a modulus less than unity. When either of the two eigenvalues has a modulus greater than
one, the solution is unstable. From the proceeding discussion, it may be deduced that all elements
of matrix J are functions of the system parameters and the crossing times, which cannot be given
explicitly. This means that it is not possible to obtain explicit expressions in terms of the system
parameters for the trace and determinant of matrix J. Nevertheless, by substituting the
expressions for the elements of matrices R and U and performing some algebraic manipulations,
the determinants of matrices R and U, namely DR and DU, may be eventually expressed in a
simple form as

DR = [1 — &(u+ d)t10 + O(e?)] @ DU = e =) M (30)

x(t1) W(t2)

By imposing continuity and periodicity conditions of the symmetric solution, i.e., y(¢;) = &'/2%(¢)),
(t2) = —&'/2x(ty), the determinant of matrix J, as the product of the traces of matrices R and U, is
of a quite simple form:

DJ = —e“C[] — g(u + 8)t19 + O(E2)]. (31)

Based on the fact that the dimensionless damping coefficient ¢ (i.e., eu) and the dimensionless
derivative gain d (i.e., ¢0) are positive and much smaller than unity for a practical example, and
that |1 — e(u + )19 + O(¢%)| < 1 always holds, it can be concluded from Eq. (31) that [DJ| < 1. This
indicates that no Hopf bifurcation is possible in the symmetric motion examined for a practical
system. As the system parameters are changed, the modulus of one eigenvalue may take the value
of unity, where a bifurcation occurs. One possible way for an eigenvalue to cross the unit circle is
through + 1, which corresponds to a saddle-node, pitchfork or transcritical bifurcation. The other
way is through —1, which relates to a period-doubling bifurcation. The stability boundaries
A= £ 1 can be established by solving the equation:

DIFTJ+1=0. (32)

It may be noted that Eq. (32) involves trigonometric and exponential function terms which
depend on the crossing times 71 and 7y. This implies that the stability diagrams cannot be built up
analytically. In addition, since the determination of #; and 7, depends on the roots of the two
transendental equations given by Eq. (16), a numerical construction of the stability diagrams will
be an extremely laborious task. Thus the construction of stability diagrams is not pursued in the
present work.

5. Comparison of the approximate and exact solutions
To validate the present analytical results, the symmetric periodic solutions determined by the

developed analysis were compared with the exact solutions. The classical fourth order Runge—
Kutta algorithm was employed to perform the numerical integration of Eq. (6). It was found that
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the approximate solutions obtained by the developed analysis and the exact numerical solutions
are in an excellent agreement for the case of primary resonances.

An approximate solution and its stability can be easily constructed and examined using the
methodology developed in Sections 3 and 4. For example, in the case ¢ = 0.1, d = 0.3, p = 1.4,
F =04, Q2=0.65 and ¢ = 1.0, the analysis in Section 3 gives that 7y = 0.397921, ¢; = 1.683299.
The coefficients in Egs. (12)—(14) can be easily obtained by a back substitution. Then the solution
expressions can be easily written out. Two eigenvalues of the transition matrix J for the solution
are calculated to be A; = 0.48002, 4, = —0.72654, which indicates the approximate solution is
stable. Fig. 3 shows the phase portraits of the analytical approximate solution and exact solution
obtained from numerical integration. The solid curve indicates the results of numerical integration
and the circles represent the approximate solution. The differences between the approximate and
exact solutions are very small. The approximate solution is in good agreement with the exact
solution. The dashed curve in Fig. 3 represents the results of numerical integration of the
corresponding linear equation when the non-linearity terms in Eq. (6a) are neglected. It is noted
that the solution of the corresponding linear system is not able to be a representation to the
solution of the non-linear system.

Fig. 4 shows the maximum amplitudes of the dynamic response of two systems with the
variation of the dimensionless proportional gain p in the region pe[1.81,2.21], which corresponds
to the external detuning in the region 6 €[—0.19,0.21]. The system parameters for System I are
d=0.05 ¢c=0.05 F=025 Q2=1.0, ¢=1.0, and those for System II are d =0.2, ¢ =0.2,
F =045 Q=1.0, ¢ = 1.0, respectively. The circles in Fig. 4 indicate values of the amplitudes
obtained by the developed analysis and triangles indicate the numerical simulation values. The
discrepancies between the first order approximate analytical solutions and exact numerical
solutions are between —0.036% and —0.047% for System I, and between 0.504% and 0.741% for
System 1.

1.5

dy/at
o

Fig. 3. The phase portraits of the approximate and exact solution; solid curve indicates the direct numerical integration
results, circles represent the analytical approximate solution, dashed curve denotes the numerical results of integration
of the corresponding linear equations.
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Fig. 4. The variation of the maximum amplitudes of the response of the overall system given by Eq. (6) with the
proportional gain p; Circles denote the approximate solutions and triangles represent results of the numerical
integration: (a) System I, (b) System II.

Fig. 5 shows the maximum amplitude of the response of Systems III and IV with the variation
of the dimensionless forcing frequency in the region Qe[1.85,2.15], which corresponds to the
external detuning in the region ¢€[—0.5775,0.6225]. The system parameters for System III are
¢=0.05d=0.05p=5.0,F=09,¢ = 1.0, and those for System IV are ¢ =0.2,d = 0.6, p = 5.0,
F =1.25, ¢ = 1.0. The discrepancies between the approximate and exact solutions for System 111
are between 0.023% and 0.053%, and between 0.468% and 0.578% for System IV. The differences
between the approximate and exact solutions for small values of the system parameters are hardly
distinguishable by the naked eye (as shown in Figs. 4(a) and 5(a)). For large values of the system
parameters, the approximate solutions give slightly smaller values of the maximum response
amplitude than those of the exact solutions (as shown in Figs. 4(b) and 5(b)). The first order
approximate solutions match well with the numerical exact solutions.

It can be concluded from Figs. 4 and 5 that only small differences between the first
order approximate and exact solutions are found. The first order approximate solutions can
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Fig. 5. The variation of the maximum amplitudes of the response of the overall system given by Eq. (6) with the forcing
frequency Q; circles denote the approximate solutions and triangles represent results of the numerical integration:
(a) System III, (b) System IV.

give excellent representations of the exact solutions. Additional higher order terms may be
included in the approximate solution if a solution of higher accuracy is required, but it seems
unnecessary.

6. Conclusion

An approximate periodic solution of a piecewise non-linear-linear oscillator has been
analytically determined using a new methodology, as no exact solution exists in closed form.
The mathematical model of the oscillator is characterized by a combination of a weakly non-
linear and a linear differential equation. More specially, the response of the weakly non-linear
system is studied for the case of primary resonances, which may lead to secular terms in the steady
state response of a uniformly weakly non-linear system. The methodology developed here
involved combining an asymptotic expansion solution to the weakly non-linear system and an
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exact solution to the linear system. By imposing an appropriate set of matching and periodicity
conditions, the task of determining a periodic symmetric solution with a doubly entering
saturation zone per cycle was eventually reduced to a set of two transcendental algebraic
equations. The stability characteristic of the symmetric solution was based on examining the
propagation of small perturbations in the initial conditions over a half-period of the response. The
accuracy of the first order approximate solutions was confirmed by comparison with the results
obtained by direct integration of the original equations of motion. More importantly, the
methodology developed can be applied to other types of non-smooth systems, which are
characterized by different forms of equations of motion.
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Appendix A

The coefficients in Eq. (13) are
ky = —(u+0)A;/2 — 6B /2Q — 3u(A2B, + 43)/8Q,
ky = —(u+ 8)B1/2 + 041 /2Q + 3u(A, B} + 43)/8Q,
ky = a(3A4, B2 — A43)/32Q%, k4= a(BS — 342B))/32Q%, fi =f/29Q,
11 = —(k2 + 3Qk3 —i—f1 sin .Ql() =+ .Qf] tp cOS .QZ())/.Q, 12 = —k4 —fllo sin Qt().

Appendix B

The coefficients in Eq. (16) are

S0 = sin Qt19, Cio = cos Qt19, Szg = sin 3Qt19, Czg = cos 321y,

I = Ay +ely + ekitio, hio = By + ¢b + ckatio,  hiz = ¢efiti, his = eks, e = eky,

hoy = e'2(eky — QB — Qb — eQkatrg),  han = ' /2(QA, + eQly + ¢y + eQkyt10),

hyy = & fi + QH,  hyy = &1°Qfit) — QG,  hys = —&¥?3Qky,  hyg = £/73Qks3,

with

Ap = [cAye /=10 _ iy 4 QG cos Qty — QH sin Q1] /(c'?Q), B, = —x,,
Ay = [G(sin Qty + sin Qt;) + H(cos Q1) + cos Qt)) — m(n/Q — 10)]/[e" /=10 — 1],
By =¢'?x, — Ay — Gsin Qt; — Hcos Qty, tio =1 — to.
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Appendix C

The coefficients in Eq. (21) are
Kig = —(u+8)P/2 - 60Q/2Q — 3u(P*Q + 0*)/8€,
ki = —(u+0)/2Q — 30PQ/4Q,
Ky = —(u+ 0)Q/2 + aP/2Q + 3u(PQ* + P*)/8Q,
kay = (0 + 30Q? /4 + 9aP? /4)/2Q*, K3 = a(3PQ* — P*)/320°,
k31 = 30(Q* — P?)/32Q°, Ky = a(Q° — 3P*Q)/320°,
kay = —3aPQ/16Q°, Ly = —(Ka + 3QK3 + fi sin Qty + Qf ity cos Qty)/Q,
I = —(ky1 4+ 3Qk31)/Q, 11 = Qf 1ty sin Qty — 2f; cos Qty,
Loy = —Kyo — fitosin Qty, by = —kq1, Il = —f1sin Qty — Qfity cos Q.

Appendix D

The coefficients in Eq. (23) are
ay =PQCy — Q2810 + e(2L10Cro — 2L20S10 + Ki102t10Cro + Ki0S10 — K202t10S10 + K20Cho
+ 3QK;30Cs9 — 3QK40S30 + f1 sin Q) + Qf 1t cos Qty),

app = — PQCio+ 0028y + e(—QL1oCro + QL S10 — K10Q2t10Cro — Ki10S10 + K202110S10
— K Cio + 12810 + 1o Cro — 3QK30Cso + 3Q2K40S30),

a3 = S10/Q + e(l11S10 + b1 Cio + ki1t10S10 + k21110 Cio + k31530 + ka1 C3p),

ar) = —PQ*Sig — QQ*Cig + e(—L19Q*S19 — L20Q* Cig + 2K19QC1o — K19Qt10S10 — 2K20Q2S19
— K2 @Q?t190Clo — 9K30Q%S30 — 9K40Q* C3o + 2f1Q cos Qt; — Q°fi 1) sin Qt)),

ay = PQ*S)o + OQ*Cig + e(L102*S1o + LyQ*Cio — 2K 10QCho + K10Q%110S10 + 2K20QS10
+ K>0Q%t10C1o 4 9K30Q°S30 + 9K40Q> C3 + [12QCo — 1 QS1),

a3 = Cyo + e(111QCro — 112810 + k11810 + k11Q2t10Cio + k21 Cro — k21Q2t10S10 + 3Q2k31 C3o
— 3Qk41530).

Appendix E

The coefficients in Eq. (24) are
Py = Py + Ay Aty + AnAvy,  Qr = Qo + ByAty + BnAuvy,
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where

Py = (m+ QG cos Qt; — QH sin Q1 — 81/2171)/6,

Oy = ¢'2x, — Gsin Qt; — H cos Qt; — Py,

Ay = —QX(Gsin Q) + Hcos Q1) /c, An = —&'?/c,

Bo1 = Q[(cH + QG) sin Qt; — (¢cG — QH)cos Q1]/c, By =¢'?/c.

Appendix F

The coefficients in Eq. (26) are

by = m — cPye 2" 4 QG cos Qt, — QH sin Qty,

biy = Boy —m+ (cPo+ Az)e “®™,  by3 = By + Aye 71,
by = *Pye 2= _ Q>G sin Qt, — Q°H cos Qt,

by = —(Py + cAa)e™ 7, byy = —cdpe BTN
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