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Abstract—This paper presents a method to decompose
the bifurcation diagram for periodic oscillation in global
parameter space. As a tool of the decomposition, we use
ideal decomposition corresponding to algebraic factoriza-
tion. In order to realize the ideal decomposition, we pro-
pose the ideal quotient based on the symmetry of systems
and other efficient methods using the ideal quotient par-
tially. Further, we clarify the symmetries of the homoge-
neous equation in the harmonic balance method and pro-
vide a method for systematic decomposition.

1. Introduction

The advance in computer algebra system has led to re-
markable progress in applications of Grobner base [1, 2].
We can find several applications to the analysis of nonlin-
ear circuit systems [3, 4, 5]. As far as the local bifurcation
is concerned, the analysis using Grobner base is reported
[3, 4]. However, as for the global bifurcation very few re-
sults have been shown in [5, 6].

If our target systems are represented by algebraic equa-
tions, we can obtain the bifurcation diagram in global pa-
rameter space by using the Grobner base of lexicographic
order [6, 7]. Using the algebraic representation of bifurca-
tion diagram, the reports [6, 7] decompose the global bi-
furcation diagram into sub-diagrams using algebraic fac-
torization The method provides the mode decompositions
of nonlinear systems using ideal decomposition. The ap-
proach makes clear also the relation between the symmetry
and bifurcations for nonlinear systems.

The purpose of this paper is to apply the method to
periodic oscillations on nonlinear circuit systems, and to
decompose the bifurcation diagram in global parameter
space. We use the harmonic balance method to obtain al-
gebraic determining equation of the periodic oscillations.
Using the approach we can decompose the bifurcation di-
agram by the ideal decomposition. Further the mode de-
composition reveals the symmetries which the periodic os-
cillations have.

In order to obtain good approximations of the periodic
oscillations, we have to consider many frequency compo-
nents in the harmonic balance method. However, the dif-
ficulty lies in the increase of the complexity of the com-
putation of Grobner base of lexicographic order when the
number of variables and equations increases. To surpass its
limitation, we propose an efficient method of the ideal de-
composition by partially applying the ideal quotient based
on known symmetries. Although we first use known sym-

metries for the decomposition, we finally obtain the com-
plete decomposition of the bifurcation diagram by factor-
izations. Further, we propose a systematic ideal decompo-
sition method for the periodic oscillations using a homoge-
neous equation in the harmonic balance method.

2. Harmonic Balance Method

We consider a nonlinear circuit equation of n, dimen-
sions
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where u is a state variable vector, e(7) is a source vector
of period 2r/m (m € Z.g), A is a set of circuit parame-
ters, (-)" denotes the transposition, & : R™ X R = R™isa
vector of nonlinear functions which consists of polynomi-
als of uy,...,u,, with coeflicients in rational functions of
Al,...,4;and R, Z . are the set of real numbers and posi-
tive integers, respectively.

We assume that Eq.(1) has a periodic solution u(r) de-
fined by

00

u(t) = Z {l//C ;COS JT + ¥ ;sin jT} , 2)
j=0
where ¥, Wejts--sWejn,) € R™ ¢ =

Wsjts--sWsjn,) € R™, ¥ = 0. We assume that the
above solution can be approximated by a truncated Fourier
series with frequency component set « C Z o,

u'(t) = K'u(r) = Z {l/lcj cos jT + ¥ sin jT},

jex

3)

where K* is a projection operator that expresses the trun-
cation of the Fourier series; u* = (u,...,u, ) € R™, and
Z - denotes the set 0, 1,2,.... The substitution of Eq.(3)
into Eq.(1) gives

Z [J'lﬂsj,i -pii| )+ e,,j,i] cos jT
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where po; (¥ | A) = 5. [ ki’ (1) | dr,

34



P 1) =1 f hi(* (1) | A) cos jrdr (j # 0),
gl =1 f hi(w*(7) | A) sin jrdr,

Y= {(,pcj,,-,(pw,,) ljex i=1...m},

ep0i0) = 5= [T e(n)d,

epji(1) = 1 fozn ei(t)cos jrdr (j #0),

eqi(T) = 7—1r fOZF e;(7) sin jrdr,
i=1,...,n,
From Eq.(4), We obtain algebraic equations of harmonic
balance
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where | - | denotes the number of the element of set.

3. Ideal Decomposition with Ideal Quotient

3.1. Decomposition of Ideal

The real variety V[ f(y)] is defined by the set of all real
solutions of Eq.(5). The fact shows that the bifurcation di-
agram of Eq.(5), depicting y versus (4, €), corresponds to
the real variety V[ f(¢¥)]. In order to decompose the variety
VIf(¥)], we can use ideal decomposition [1, 2]. That is, if
the ideal I generated by f(y) which is denoted by (f(¥)) is
decomposed as

I=ILn---NnI, 6)

the variety V[f(¥)] which is denoted by V(I) is decom-
posed as

V) =VUI)U---UV(,). @)

The previous research used the Grobner base of lexico-
graphic order for the ideal decomposition [6, 7]. How-
ever, the requirement of the tremendously huge computa-
tional cost for the lexicographic order Grobner base pre-
vents the ideal decomposition of Eq.(6). To overcome the
difficulty, we use the ideal quotient for the ideal decompo-
sition. When the ideal / is represented by / = J N K and
the ideal K is a given ideal, the ideal J is calculated by the
ideal quotient

J=1:K ®)

In order to obtain the ideal K, we can use the symmetry of
nonlinear systems.

3.2. Ideal Quotient based on Symmetry

When we consider a finite group I', the symmetry is ob-
tained by a linear representation 6 : I' — GL(R"), where
GL(R") is a set of invertible R™" matrices. When the sys-
tem is the following relation

SOY) = 0nfW), ©)

if Y is a solution, O(y)y is also a solution. As the symmetric
solutions satisfy ¥ = 6(y)y for all y € T, the symmetric
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Figure 1: RLC resonance circuit.

solutions are constrained by the sum of ideals

D W0y = {Z AV e(wm} . (10)

yell yell

The symmetric solutions are determined by f(¥) = 0 and
the constraint of ¥ — 6(y)yy = 0. Thus, the ideal which
represents the symmetric solutions is written by

Fo@) = FW) + D W - 00w,

yell

Because we consider (f(¥)) C {fr(¥)), the ideal (JTF((//))
which represents the asymmetric solutions is provided by
ideal quotient as follows:

Fr@) = F@) : (fr@)). 12)

Therefore, we can decompose the bifurcation diagram
using the ideal quotient based on the symmetry of systems.

Y

4. Example of Decomposition

4.1. Circuit Equation

We apply the proposed method to an RLC resonance cir-
cuit shown in Figure 1. We assume that the magnetizing
characteristics of the nonlinear inductor is approximated by
cubic polynomial, i.e.,i = c’¢+c”¢3, where ¢ is a magnetic
flux and i is current. The scaled circuit equation is

du(t) [ —(cus + czur®) —un . LE cosmr (13)
dr X(cruy + cur®) 0 ’
— ’ _ weo Ve
u(T) - (Ml, MZ) ) ul - m\/_I R’ \/_I R
mr=wt, ci=1—-c3= ’"—Rc',
2m*E, 2R3 "’ —_
B3 = R » X = (ke E= \/—IR

where E,, I, and R, are values for the normalization. We
apply the harmonic balance method with 3 frequency com-
ponents, i.e., k = {1,2,3}. The u,(7) and u,(7) are respec-
tively approximated by

Uy(T) = Y1 COST + 1 SINT + f COS 2T + Yo Sin 27

+13 €08 3T + Y43 sin 37, (14)
u;(‘r) = K* [XC]MT + XC3MT3]. (15)

We deal with the case of m = 1, i.e., we consider the
fundamental oscillation and the 2nd, 3rd harmonic oscil-
lations for the harmonic balance. From the equations,
we are able to obtain the simultaneous algebraic equa-

tions f((ﬁ) = (ﬂl’fsl,fCZ’st,fC:ﬁ’fﬁ), = 0’ where ‘/’ =
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are equations by the harmonic balance method. In this ex-
ample, we cannot obtain the Grober base of lexicographic
order by using computer algebra system Risa/Asir [8] be-
cause the computation requires very huge memory.

4.2. Symmetry of Target Oscillations

In order to decompose the bifurcation diagram using
ideal quotient, let us consider the symmetry of the target
oscillations. Based on the symmetry of e(t + 1) = —e(t)
which is denoted by I'_, the linear representation 6_, is
represented by

0 = (16)

Because the symmetric solutions satisfy 0_,¢ = ¢, the
symmetric solutions have to satisfy ¢, = ¢ = 0. As a
result, we obtain an ideal

113 =1+ <w1‘25 lﬁs2> = (f(lﬁcl, lﬁsl, 0’ 0’ lﬁC3’ WVB»’ (17)

based on the symmetry. The ideal ;3 corresponds to the os-
cillations which have only fundamental and 3rd harmonic
frequency components. Using the ideal I = (f(¢)) and
ideal quotient by /;3, we can decompose the ideal as

I = IizNlips, (18)
Iz = 1:1;
= <f(l/j)> : <f(wcl’¢/sl, O’ 0, ¢’C3’ l//s3)>- (19)

The ideal I;»3 corresponds to the oscillations which have
all frequency components. However, the computation of
the ideal quotient (19) requires more than 4GB memory
because the calculation of ideal quotient also contains the
calculation of Grobner base [1], and we cannot obtain the
ideal decomposition yet.

5. Efficient Methods for Ideal Quotient

In order to calculate the ideal quotient (19), we propose
two efficient methods. First, assuming that an ideal J is rep-
resented by J = Y.}, J;, the ideal quotient [ : J is written

by
I:.I:Il[ifi)Zﬁ(ll‘]i).

i=1 i=1

(20)

Using the relation (20), the ideal /;,3 is represented by
o ={fW)) : Wea, ¥s2). 21

Second, we introduce the partial ideal quotient. When
the ideal I is represented by I = }/_, I;, the ideal quotient
I : J is obtained by

1;]:[21i];1=2(1i;]),
i=1

i=1

(22)

This relation indicates that the computation of ideal quo-
tient [ : J is equivalent to the sum of the partial ideal quo-
tients 1; : J.
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Figure 2: Bifurcation diagram, the parameter E versus the

V2, + 2. (The
ideal /53 corresponds to the oscillations which have all fre-
quency components, and the ideal 1,3 corresponds to the os-
cillations which have only fundamental and 3rd harmonic
frequency components. c3 = 1.0, X = 100.0.)

amplitude of the fundamental oscillation

Applying the relation (22) to Eq.(21), the ideal ;53 is
represented by

oz = (feo, f2) - Weas Wso) + {fer, fots fe3s fs3), (23)

where we use the relation (fe1, fo1, fe3, f3) € (W2, ¥s2)
which is easily confirmed by the substitution of ¥, =
';052 = 0 into fCl’fSl’fC:ﬁ’ fs3-

Using Eq.(23), we can obtain the ideal decomposition
(18) without memory overflow. After the ideal decomposi-
tion, we obtain the bifurcation diagram using Grobner base
of block order and try further decomposition by factoriza-
tions. In this case we cannot decompose the ideal anymore.
The fact shows that the oscillation does not have more sym-
metries.

The decomposition of bifurcation diagram is shown in
Figure 2 which represents the relation between the param-
eter £ and the amplitude of the fundamental oscillation

W2, + ¥, where ¢3 = 1.0, X = 100.0. The solid line cor-

responds to the ideal /;,3 and the dotted line corresponds
to the ideal 7;3. We can confirm that the intersections of
the decomposed diagrams corresponds to pitchfork bifur-
cations.

6. Decomposition of Homogeneous Equation

In the previous section, we consider the case that the fre-
quency m of the source is equal to 1 in Eq.(13). Let us con-
sider also the case of m = 2 and m = 3. The cases of m = 2
and m = 3 correspond to 1/2-subharmonic oscillations and
1/3-subharmonic oscillations, respectively. In order to clar-
ify the effect of the frequency m on the harmonic balance

equations, we define a homogeneous equation f ) by

pors 7 _| Wsii—pi1A) | _
FO=JWID=1 Gy i |7

f@=fyiv+e=o. (25)
The equations f(¥) of the harmonic balance for m = 1,2
and 3 are represented as

f('ﬁ) = (.]?Cl’f;l + E’ ﬁZ’ fYZ’ ﬁ3’ f;3),,

(24)

(26)
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f@) = (fu,fot, fo. fo + E, fa fa). 27)
f@) = (fu, fts foos S s flo + EY, (28)

where f(¥) = (fur. fy1. fr. fi2. fi3. fi3)'. Thus, the source
E of frequency m effects only the constant term of corre-
sponding frequencies. The fact indicates that the homo-

geneous equation F () has the highest symmetry and that
each harmonic balance equations is obtained by breaking
of the symmetry.

In order to clarify the symmetries of the harmonic bal-
ance equations systematically, we consider the symmetries
of the homogeneous equation f (). In addition to the sym-
metry I'_,, the homogeneous equation has I'2,/,, which is
defined by e(1) = e(r + 2n/m) for m = 1,2,3. The corre-
sponding linear representations for m = 2 and 3 are

[ -1
0 0
1
022 = | , (29)
0 -
_1 ]
1 M
2 2
\/§
£ 4 0
1 _\3
Orrj3 = % 2 (30)
2 2
0 |
1|

The symmetries I'_,, I'2r/2 and I'z;/3 generate respectively
the partial ideal quotients

(fer f2) + WersY2), 31)
Fets futs foas fia) + et s, e, ), (32)
(fors futs foos fra) + (et s, e, ). (33)

By knowing the symmetries of homogeneous equations
in advances, we can obtain the ideal decomposition effi-
ciently.

In the case of m = 1, the symmetries I'p» and I'zq/3
are broken because Eq.(32) and Eq(33) contain f.; and f;.
As a result, we use the symmetry ['_; and obtain the ideal
decomposition as follows:

I =135N1, (34)
I3 = (f(We1, W51, 0,0,0c3, ¥3)), (35)
Li23 = (foos f2) : WeasW2) + {fors fu1 + E, fos, fi3). (36)

In the case of m = 2, the symmetries I'_,; and I'5,/3 are

broken because Eq.(31) and Eq.(33) contain f» and fi.
As aresult, we use the symmetry I'2,/» and obtain the ideal
decomposition as follows:

I =1 NI, 37
L =(f(0,0,¢2,¥52,0,0)), (38)

Ios = (fero fots feas fi3) + (Weta st s Ua)
+fer. frz + E). (39)

In the case of m = 3, only the symmetry I'»,/» is broken

because only Eq.(32) contains f.3 and fi3. As a result, we
use the both symmetry I'_; and I'2,/3, and obtain the ideal
decomposition as follows:

I=5LNIzNI1s, (40)
13 = <f(0’ 0’ Oa 0, 'chs’ d/s3)>’ (41)
Ly = (fos fo) : Wen ) + (o fo + E), - (42)

Loz = (fia, f2) : Weas ) + {fr, fot, fozs fia + E). (43)

We applied the derived symmetry to the ideal decom-
position and confirmed that the ideal decomposition is suc-
cessfully obtained. Further, we confirm that any other sym-
metries do not exist in the oscillation by computing the fur-
ther ideal decomposition. Thus, we can obtain the complete
mode decomposition of the bifurcation diagram.

7. Conclusion

This paper proposed a method for decomposing the bi-
furcation diagram of periodic oscillations using the ideal
decomposition. In order to realize the ideal decomposition,
we used the ideal quotient based on the symmetry of the
target system and make it more efficient by using the par-
tial ideal quotient. Further, we derived the symmetries of
homogeneous equations and clarified the symmetries of the
equations obtained by the harmonic balance method.
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