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which is not row sum dominant foral > 1, d < 1+ /2, butS is [16] J. Cao, “A set of stability criteria for delayed cellular neural networks,”

not row sum dominant and is not a nonsingulérmatrix. Define a set IEEE Trans. Circuits Syst, Vol. 48, pp. 494—498, Apr. 2001.
B..: [17] T.-L.Liao and F.-C. Wang, “Global stability for cellular neural networks
o with time delay,”IEEE Trans. Neural Networksol. 11, pp. 1481-1484,
Nov. 2000.
[18] S. Arik and V. Tavsanoglu, “A sufficient condition for global of cellular
B.,= {(C de>1,0<d<1+ V2, neural networks with delay,” iRroc. IEEE Int. Symp. Circuits and Sys-

tems Hong Kong, June 1997, pp. 549-552.

2cd + (2 - \/5) (c+d) < 4\/5}.

It is easily seen thaB.. # 0 and the results of [4], [11], [18] cannot

be used aéc, d) € B.q4. However, takde, d) = (1.1, 0.51) € B.q,

r = 0, we can easily check that the conditions in theorem 1 or (:orolIary:)yn(—imiC Behavior of Dynamic Translinear Circuits: The
1 given herein are satisfied (here, the main theorem in [17] cannot also Linear Time-Varying Approximation

be applied at this time). Hence system (1) has a unique and globally

asymptotically stable equilibrium point. _ F. M. Diepstraten, F. C. M. Kuijstermans, W. A. Serdijn,
Our results provide two parameterr to appropriately compensate p, van der Kloet, A. van Staveren, F. L. Neerhoff, C. J. M. Verhoeven,
for the tradeoff between matrix definite condition on feedback matrix and A. H. M. van Roermund

and the norm inequality condition on delayed feedback matrix. The
less restrictive norm condition on the delayed feedback matrix is with
respect tax, . Therefore, this condition herein is less restrictive than
that given in the earlier references.

Abstract—Dynamic translinear circuits explore the exponential relation
of transistors as a primitive for the synthesis of electronic circuits. In this
letter, the linear time-varying approximation is applied to describe the dy-
namic behavior of a second-order dynamic-translinear oscillator. The Flo-
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)| l ‘I The dynamic behavior of the system for given inputs can be de-
<P C scribed by time-varying modes of the homogeneous variational equa-
tion (6). Thus, a solution of (6) can be written as a linear combination
+ lc + of modesx; (¢) [10]-[13]
Vcap pu— Vbe
I - x(t) = Do xilt) = 3 wi(t) expln()] 7)
[ ‘ @
Fig. 1. Basic structure of DTL circuits. whereu;(#) denotes a time-dependent amplitude, while the time-de-

pendent phase; (t) is written as

introduced in Section Ill and subsequently applied to a DTL oscillator .
in Section IV. Conclusions are drawn in Section V. ~i(t) = / Xi(T)dT & %i(t) = X (¢) (8)
Q

Il. THE DYNAMIC -TRANSLINEAR PRINCIPLE . . o o .
in which \; (¢) is a time-dependent frequency. Substitution of (7) in (6)

The static translinear principle can be extended in order to implemeigds the followingdynamiceigenvalue problem:
differential equations, by adding capacitors in the TL loop [1]. The

DTL principle is explained referring to Fig. 1. (A - \Du; = u; 9)
Using a formulation based on currents (ignoring the base current),

this circuit is described in terms of the collector curréntand the

capacitor currenf...,, flowing through the capacitaf’. Currentl..,

in terms of products of currents is given by [1]

wherel is the unity matrix. Note that the classical static eigenvalue
problem results ify; is time independent. In the context of Eq. (9) the
physical quantities1;(¢) and A;(¢) are called alynamiceigenvector
and adynamiceigenvalue, respectievly.

Vel =L, - L. _ S )
C-vrl apere (1) Next, the following transformation is applied:

where the dot operator indicates differentiation with respect to the time

andV is the thermal voltage. Equation (1) reflects the DTL principle: x = L(t)y (10)
a time derivative can be mapped onto a product of currestswing ) _ ) _
us to map a DE onto a multivariable polynomial of currents. by which (6) goes into the new time-varying system

lll. LINEAR TIME-VARYING APPROACH y=(L'A,L-L 'Ly =C(t)y. (11)

In this section we review the LTV approach [9]. A nonlinear circui
can be described by the following state-space equation:

W(t) = £(w(t),s(t)). @ Y= ZL_l(t)ui(f)exphi(f)] = Zvi(f)exp[%(f)] (12)

bn account of (7) and (10), the solutignreads

Here,w ands are the state variable and the input vector, respective%h
while f represents a nonlinear vector function. The signal-depend%né[
bias trajectory odynamic bias trajectoryv, = w,(#)is given by the
nonlinear and time-dependent solution of

erev;(t) is a dynamic eigenvector of the new system (11). Thus,
nsformation (10) preserves the dynamic eigenvalues as defined in
(8). For this reason, the system matridesandC are calleddynamic
similar [10]. In the next section, the dynamic similarity transfdtns
chosen such that becomes an upper-triangular system matrix. Then,
the dynamic eigenvalues are its main diagonal elements [11], [12].

y Finally, for periodic systems the Floquet exponents, given by

wy, = f(wy, 8p) (3)

with s, denoting the external sources. The variational equation or LT
small-signal model describes the dynamic behavior of the system by T
considering small variations around the bias trajectogyand the ex- 8, = l% (T) = 1 / Xi(T)dr (13)
ternal signak,, respectively. That is, we consider any state and any ‘ T T Jj
external signal of the system to be composed of the sum .
are a measure for stability.
w=wp,+xands =s, + e 4)
IV. ANALYSIS OF A DTL OSCILLATOR
wherex ande are relatively small variations in the state and in the
external signal, respectively. If we linearise the state-space (2) aroyp
w; ands,, the following variational equation is obtained:

In this section, we apply the LTV approximation to the analysis of
dynamic behavior of the DTL oscillator introduced in [8]. We show

that the dynamic eigenvalues of a second-order system can be found by

%= A(t)x+ B(t)e ) solving a scalar Riccati differential equation.

in which the system matriA is the Jacobian dof with respectw, and A. The Linear Time-Varying Approach for Second-Order Systems

B the Jacobian of with respect tas, both evaluated along the bias We first give a systematic method to find the dynamic eigenvalues

trajectory. of a second-order variational equation by applying a suitable dynamic
Subsequently, we study the dynamic behavior using the relevant ggirailarity transformation [13]. The problem is reduced to solving a
of the variational Eqg. (5), i.eg is assumed to be zero scalar Riccati differential equation. Then, we introduce a variable trans-

formation in order to obtain a linear equation, which is more suitable
x = A(t)x. (6) for numerical calculation.
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Fig. 2. Circuit implementation of a DTL oscillator [8].
1) The Dynamic Eigenvalueswe start with the second-order vari- 1.00
ational state-equation 0.75
. d | a1 aiy a2 r1 -~ 0.50 \ /\
Xt =Atx(t) e || = N (14) T o JAN AN /
Ll Lt L S ol N N [\ ]
Q
In order to find the dynamic eigenvalues, the dynamic eigenvalue 8 0.00 \ / ' \ / ‘ \ / ' \ /
problem (9) has to be solved. The following dynamic similarity -0.25 \ / \V V% V4
transformatiorL(¢) is applied tox(¢): -0.50 -
z 1 0 [w -0.75
t) = L(t)y(t =1, ) 15
x(t) ()Y()crLJ L(f) 1} {yJ (15) 0 1 ) 2(u) 3 4
me S,
in which!(t) is a time-dependent variable. The transformed variational
equation is given by Fig. 3. Oscillator output as function of time f6t, = C, = 5 nF, I, = 817
UA, G = 1.2.

y(t) = (LT'A,L - L 'L)y(t) = C(t)y(t)

d |:y1:| . {Al(t) a2 } {yl} (16) The new state-variablesandq can be added to the original nonlinear

dt [y=2| 0 A2(t) | | y2 system (3): a fourth-order-state-space system results. The solutions of
this system are used to find both the dynamic bias trajectory and the

provided that(#) in (15) is any solution of the scalar Riccati differentialso|ytions of the two state-space variablesndg, respectively. The

equation solution of the Riccati equatioitt) is given by
[=—asl® - (a1 — aze)l+ axn (a7 (t) = LI (22)
’ a12(t) u

and where the dynamic eigenvalues?) and: () are given by while the dynamic eigenvalues follow from (18). Since for the example

to be discussed the dynamic eigenvalues and eigenvectors are periodic,
) we can use (13) to determine the Floquet exponents. In order to cal-
Aa(t) = =I(t)ara(t) + asz(1). (18)  culate these exponents directly from the solution of the transformed
Riccati equation, we rewrite (19) as

)\1(15) = a11(t) + l(t)(llz(t) and

2) Transformation of the Riccati Differential Equatiorif we deal
with a time-varying variational equation, the Riccati equation (17) /t(m(T)l(r)dr — Infu ()] 23)
should be solved. In general, this equation has no analytical solution. 0 S

Even numerical calculation is difficult as singularities (finite escapehen, substitution of (23) in (18) and using (13) yields
times) may be involved. In order to facilitate the calculations, we

introduce the new variable(t) as 4y = %ln(u) |+ T —i—% /O'T an (£)dt
u(t) = exp Ut (1,12(t)l(t)dt} & an(t)(t) = “h (g By = — 2 In(u) [0+ + 1 T ot
: (D s= g [ [Cemar @)
By applying (19), the Riccati (17) goes into the following second-ordevhere 3, and 3. are the two Floquet exponents of the second-order
linear time-varying DE: system.
—arz(t)i + [a12(t) — ar2(t)(ar1(t) — aze(t))] 0 B. DTL Second-Order Oscillator
+arz(t)az (t)u =0 (20)  The complete design of the second-order DTL oscillator is described

in [8]. The circuit diagram is depicted in Fig. 2. Here, we will use the

which on its turn is written in the state-space formulation ) . ) ; - : )
nonlinear differential equation describing this DTL oscillator [8]

w=q 2 2
. [ a2(t) = ara(t) (a1 (t) — az(t)) . C*VE Lo+ CVr 12 {1 - GI; {ﬂ} }X Tt = 0
{ q= { O q+ az(t)az (t)u T 0 0 (I2 + Igsc)2 7 0

(21) (25)
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Fig. 4. Real part of the dynamic eigenvalig(t) andX.(#) as function of time.

in whichC = C, = (s, Vr is the thermal voltagd,... is the output Note that the elements |, a2, a21 andas» are time-dependent since

current of the oscillatorL,... in Fig. 2), I, a bias current and? = they are function of the dynamic bias trajectdty:,, w2y ).
I /Iy (I is the tail current of the differential pair QN23-QN24 in  4) The Dynamic Eigenvalues: To calculate the dynamic
Fig. 2). eigenvalues, the Riccati equation must be solved. Substitution of

The oscillation frequency and amplitude are, respectively, given hy;, a2, a1, andazs in (17) yields

(8]

2 2
Iy —wiy

. o2
(wiy +13)
4 2 2 4

—wiy, + 61wy, — Ip :|

i(t) = =1(t)* - 2GwI -1(t)

W= ,fIO andl... = IyV/G — 1. (26)
VrC

+ 2GW2IE

(w3, +12)°
211);0’,7 - 6[3101()
(wi, + Ig)g .

C. The LTV Approach Applied to the Second-Order DTL Oscillator

We now use the LTV approach to describe the dynamic behavior of
the DTL oscillator.
1) The State-Space DescriptioRewriting (25), the oscillator can
be described as a state-space system like (2)agith= 0 (w; andw,  This is a time-varying quadratic differential equation in the unknown
are the state-space variables) 1 =1(¢). Its solutions is found via transformation (19). Substitution of
W = wy — wun (22) and (29)—(31) in (18) gives the following dynamic eigenvalues:
{ 2 —w? . 27)

e = 2G5 w |: :| we — Ww1) — Ww
B DTl R

2) The Dynamic Bias TrajectoryWe consider the state variables No(t) = =L 426012
to consist of the sum u

+ 2Gwliwop [ (32)

A (t) = % —w and

I(? — w%b _ (33)
15 + wfb)g

wy = wip + w1 andwy = wap + 22 (28)  whereu andq are the solutions of the state-space system (21).

wherew, andws;, are the bias-trajectories of the state-variables and 5) Th(_a Floguet ExponentsThe Floguet exponents are given by
. . . substituting (29)—(31) in (24)
@1, w2 are relatively small variations an,, andwss,, respectively. The

dynamic bias trajectory is given by the solution of (27) for= z» = ) g g
0. B = {% In(u) f,H} —wandg; = — {% In(u) E,H}
3) The Variational Equation:The variational equation (6) is ob- T 5 R
tained from (27) as 1 : o | Lo —wiy
T Jo (w}, + 1)
d |:l1:| _ |:d11(t) de(t):| |:J1:|
dt | ry azn (t) agz(t)] |2 Any oscillator is characterized by a constant oscillation amplitude

af in steady state. As a consequence, one Floguet exponent should equal
an (t) = i('wlb,’wzb) =—w y q 9 b 4

Ow zero and the other Floquet exponent should have a negative real part.
o (t) = %('wm,wzb) -1 (29) In the following paragraph this statement is checked by a numerical
Aws example.
df2 6) Numerical Example:Suppose an oscillating frequency of
ax(t) = %('wlb’wgb) 1 MHz is specified. We chose the capacitors tod®e= 5 nF. It
2o | —wh + 612w?, — I follows from (26) thatl, = 817 pA. The oscillator output signal
=2Gw I 5 3 (w1p) is plotted forG = 1.2 in Fig. 3. Notice that the estimation
(why, +15) of the amplitude according to (26fo(gC = 365 pA) corresponds to

2 23, — 615w, the simulated value. The dynamic eigenvalues follow from (33). The
+ 2Gwljway | —————

(w2, + 2y (30) rgal parts are plotted in Fig. 4. The_imaginary parts of t_)oth_ dynamic
eigenvalues are equal to zero. Notice that both dynamic eigenvalues

a(t) = aff (wip, wap) contains periodic singularities. Using (34), the Floquet exponents can
w2 ) R be calculated directly from the solution of the transformed Riccati
I —w ) . . . . « . —
— 2GuI? 2 o2 121 iy (31) @ffe_regual F/equaglon. We obtain the following resutt; 0 and
wy, +ID) /32 = 2.07-10".
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V. CONCLUSION Quadratic Stabilization of Uncertain Discrete-Time Fuzzy

The dynamic behavior of a DTL oscillator has been investigated rig- Dynamic Systems

orously. To this aim the linear time-varying approximation is used. This
method enables a general description of the local dynamic behavior of
nonlinear circuits. It has been shown that, in order to find the dynamic
eigenvalues of second-order nonlinear circuits, a Riccati differential Apstract—New approaches to quadratic stabilization of uncertain dis-
equation must be solved. Since the solution of the Riccati equaticmete-time fuzzy dynamic systems are developed in this paper. This un-
may contain singularities, numerical calculations could be difficult. Aertain fuzzy dynamic model is used to represent a class of uncertain dis-

variable transformation has been introduced to transform the Riccgfite-ime complex nonlinear systems which include both linguistic infor-
mation and system uncertainties. It is shown that the uncertain fuzzy dy-

equation into a second-order linear time-varying differential equatiofmic system is stabilizable if a suitable Riccati equation or a set of Riccati
which can be solved simultaneously with the calculation of the dynamiguations have solutions. Constructive algorithms are also developed to ob-
bias trajectory. Its use has been shown when applied to the DTL ostiin the stabilization feedback control laws. Finally, an example is given to

Gang Feng and Jian Ma

lator. illustrate the application of the proposed method.
Index Terms—DPiscrete-time systems, fuzzy control, fuzzy uncertain sys-
REFERENCES tems, quadratic stabilization.
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