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ABSTRACT

Some new models for nonlinear capacitors and nonlinear inductors built with SPICE-like element primitives are presented
here. They have the advantage that they can be used for simulation in SPICE of those circuits which contain nonlinear
capacitors controlled either in voltage or in charge, and nonlinear inductors controlled either in current or in flux. These
SPICE-like models contain current sources whose controlling variables are charge time-derivative and sources whose
controlling variables are flux time-derivative. For validation, the models are included in nonlinear circuits; their behavior is
studied by simulation using two different simulators and the results are compared.
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1. INTRODUCTION

SPICE is one of the most well-known electrical circuit simulators, being used not only in the educational or research
activities, but also in industry, for computer-aided circuit design of analog circuits [1-19]. At the same time, as a generally
accepted recognition, it represented also the basis for the development of new software packages used for the simulation
of the electric and electronic circuits.

These programs meet a continuous development to correspond to the new requirements demanded by the customer. One
of the resources that had a permanent change concerning its extension was the components’ library of the programs [19].
Thus, if the initial programs were simple, containing only the basic elements of the electric circuits, today the software
library is extremely complex, including the electronic components of some well-known manufacturers, but also elements
corresponding to some complex circuit structures with practical applicability. In this way the costs of acquiring a SPICE-
type software package increased significantly.

However, if a particular circuit element is not met in the library of the SPICE-type software, it has to be built with existing
primitive elements from that library. Recent works tackle this subject, offering solutions for the modeling of new circuit
elements or of parts of some electric systems [2], [4], [14]-[17].

A special attention was paid to the nonlinear circuit elements, such as the nonlinear inductor and the nonlinear capacitor
[2], [4], [6], [11], [13]. For a nonlinear inductor with a current dependent inductance or a nonlinear capacitor with a voltage
dependent capacitance the characteristics specification by using a look-up table in the ABM (Analog Behavioral Modelling)
or by using a polynomial representation of the second or third order whose coefficients can be defined in a .MODEL
statement were proposed.

In this paper we propose SPICE-like models for nonlinear capacitors controlled either in voltage or in charge, and
nonlinear inductors controlled either in current or in flux. In order to be validated, these models are implemented in electric
circuits and their behavior is analyzed by using two different software packages: SPICE - as commercial software, and
ENCAP (Electrical Nonlinear Circuit Analysis Program) - our original program for analog circuit analysis [8]. The proposed
models contain either voltage sources whose controlling variables are current time-derivatives (CTDCVS) or current
sources whose controlling variables are voltage time-derivatives (VTDCCS). For this reason we firstly present the models
of these controlled sources (undefined in SPICE) that uses equivalent circuits containing only primitive circuit elements
accepted by SPICE.

2. MODEL FOR THE CURRENT TIME-DERIVATIVE CONTROLLED VOLTAGE
SOURCES
A voltage source whose controlling variable is a current time-derivative, Figure 1 (a) and Figure 2 (a), can be modeled

either by a voltage-controlled voltage source, as in Figure 1 (b), or by a current-controlled voltage source, as in Figure 2
(b). In both cases the modeling is based on an exchange of variable.
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Fig 2: CTDCVS modeled by SPICE-like element primitives and current-controlled voltage source
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The first model, presented in Figure 1, is based on an intermediate circuit containing a current-controlled current source
and an inductor; the voltage across the inductor, V;, changes the controlling variable from a current time-derivative in a
voltage. The transformation is based on the following equations [14]:

je()=1i=j

dip, di; di (1)
V1: —_— = —

dt dt dt

The second model, presented in Figure 2, is based on an intermediate circuit containing a current-controlled voltage
source and a capacitor; the current through the capacitor, il, changes the controlling variable from a voltage time-
derivative in a current. The involved equations are:

e.(i)=1i=v,
|1 :Cﬂ:ﬂ (2)
dt dt
3. MODEL FOR THE VOLTAGE TIME-DERIVATIVE CONTROLLED CURRENT

SOURCES

A current source whose controlling variable is a voltage time-derivative, Figure 3 (a) and Figure 4 (a), can be modeled
either by a voltage-controlled current source, as in Figure 3 (b), or by a current-controlled current source, as in Figure 4
(b). In both cases the modeling is also based on an exchange of variable.
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Fig 4: VTDCCS modeled by SPICE-like element primitives and current-controlled current source

The first model, presented in Figure 3, is based on an intermediate circuit containing a voltage-controlled current source
and an inductor; the voltage across the inductor, V,, changes the controlling variable from a voltage time-derivative in a
voltage. The transformation is based on the following equations [14]:

o) =1v=iy
o di_di_dv ®
dt dt dt
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The second model, presented in Figure 4, is based on an intermediate circuit containing a voltage-controlled voltage
source and a capacitor; the current through the capacitor, il, changes the controlling variable from a voltage time-
derivative in a current. The involved equations are:

e.(V)=1lv=y,
|1:Cdl:ﬂ (4)
dt dt

4. SPICE-LIKE MODEL FOR A VOLTAGE CONTROLLED NONLINEAR CAPACITOR

In order to obtain a SPICE-like model for a voltage-controlled (v.c.) nonlinear capacitor (circuit element that is not defined
in SPICE) we have to transfer the constitutive equation

. dg dgq dv dv

=== =Cq(v) — ©)
dt dv dt dt

to a controlled current source whose current obeys the equation (5). In the same time the nonlinear characteristic that

gives the charge dependence of the voltage, g = §(V), will be transferred to a SPICE compatible nonlinear element. To

this end a nonlinear resistor G, is used; its nonlinear characteristic i, = I, (V,) reproduces the characteristic g = G(V)

of the nonlinear capacitor. In this way the charge is converted into the nonlinear resistor current. In order to keep the
correspondence between the voltage variables we need to introduce a voltage-controlled voltage source in the nonlinear
resistor circuit. Thus the following relation can be written:

To return to the initial variable (charge () a linear capacitor is used like in the model developed in Figure 2. The following
relations are valid in the corresponding subcircuit:
V3 e H3 =1'i02 :1|2
dvg .diz dq 7)

| e 2Ny "2 g
dt  duPut

If the capacitor current i3 = ic3 is taken as controlling variable of a current-controlled current source, we get the SPICE-
like model presented in Figure 5 [14]. We can remark that the model contains only circuit elements admitted by SPICE.

A i
3 —
B 4=4dp)

Fig 5: SPICE-like model of a voltage-controlled nonlinear capacitor
Remark

The reference node (0) can be any of the circuit nodes (even the reference node of the general circuit). The other nodes,
1, 2, 3 and 4, can be numbered as n+1, n+2, n+3 and n+4 (n being the total number of the circuit nodes).

5. SPICE-LIKE MODEL FOR A CHARGE CONTROLLED NONLINEAR CAPACITOR

The SPICE-like model of a charge-controlled (g.c.) nonlinear capacitor can be obtained by using a nonlinear resistor and a
linear inductor, as in Figure 6 [14]. The variable exchange is accomplished by a voltage-controlled current source, as in
Figure 3.
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Fig 6: SPICE-like model of a charge controlled nonlinear capacitor

The nonlinear characteristic vV =V(q) of the nonlinear capacitor is transferred as i = fz(vz) to the nonlinear resistor

Gn| . In this way the charge is converted into the nonlinear resistor voltage and the voltage into the nonlinear resistor
current by means of a voltage-controlled current source. The linear inductor allows restoring the initial variable (charge

g ). The following relations can be written [14]:
b=G,=1v, (8)
and
i3=G;=1-v, =1-q
dig_, dv, _dg ®

V= £5
¥  dt dt  dt

If the inductor voltage V3 is taken as controlling variable of a voltage-controlled current source, we get the SPICE-like
model presented in Figure 6. Thus the model contains only circuit elements admitted by SPICE.

Remark

The reference node (0) can be any of the circuit nodes (including the reference node of the general circuit). The other
nodes, 3 and 4, can be numbered as n+3 and n+4 (n being the total number of the circuit nodes).

6. SPICE-LIKE MODEL FOR A CURRENT CONTROLLED NONLINEAR INDUCTOR

In order to generate a SPICE-like model for a current-controlled (c.c.) nonlinear inductor (circuit element that is not defined
in SPICE) we have to transfer the characteristic equation

do do di . di
E— = —=L4()—
d()dt

dt di dt (0

to a controlled voltage source whose voltage obeys the equation (10). In the same time the nonlinear characteristic that
gives the magnetic flux dependence of the current, @ = @(i), will be transferred to a SPICE compatible nonlinear
element. To this end a nonlinear resistor G, is used; its nonlinear characteristic iy =1,(V,) reproduces the

characteristic @ = (i) of the nonlinear inductor (i, <> ¢ and V, < i). In this way the magnetic flux is converted into

the nonlinear resistor current. In order to keep the correspondence between the electrical variables we need to introduce a
current-controlled voltage source in the nonlinear resistor circuit. Thus the following relation can be written:

To return to the initial variable (flux ¢ ) a linear capacitor is used like in the model developed in Figure 2. The following
relations are valid in the corresponding subcircuit:

V3 = H3 Zl'icz :1'i2
dve _, dip _do (12)

g =i =C—C _ -2
3= dt dt dt

If the capacitor current i3 = ic3 is taken as controlling variable of a current-controlled voltage source, we get the SPICE-
like model presented in Figure 7. We can remark that the model contains only circuit elements admitted by SPICE.
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Fig 7: SPICE-like model of a current controlled nonlinear inductor
Remark

The reference node (0) can be any of the circuit nodes (even the reference node of the general circuit). The other nodes,
1, 2, 3, 4 and 5, can be numbered as n+1, n+2, n+3, n+4 and n+5 (n being the total number of the circuit nodes).

7. SPICE-LIKE MODEL FOR A FLUX CONTROLLED NONLINEAR INDUCTOR

The SPICE-like model of a flux-controlled (¢. ¢.) nonlinear inductor can be obtained by using a nonlinear resistor and a
linear inductor, as in Figure 8. The variable exchange is accomplished by a voltage-controlled voltage source, as in Figure
1.
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Fig 8: SPICE-like model of a flux controlled nonlinear inductor

The nonlinear characteristic i = f((p) of the flux-controlled nonlinear inductor is transferred as i, = fz (v5) to the nonlinear

resistor G, . In this way the flux is converted into the nonlinear resistor voltage and the current into the nonlinear resistor
current by means of a current-controlled current source. The linear inductor allows restoring the initial variable (flux ).
The following relations can be written:

i =F =1iy =11, (13)
and

_ s dv, _do (14)

Va=L—==1.—*2=—,

dt d dt

If the inductor voltage V3 is taken as controlling variable of a voltage-controlled voltage source, we get the SPICE-like
model presented in Figure 8. Thus the model contains only circuit elements admitted by SPICE.

Remark

The reference node (0) can be any of the circuit nodes (including the reference node of the general circuit). The other
nodes, 1, 2 and 3, can be numbered as n+1, n+2 and n+3 (n being the total number of the circuit nodes).
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8. EXAMPLES
8.1. Voltage-controlled nonlinear capacitor

Let us consider the circuit in Figure 9 containing a voltage-controlled nonlinear capacitor. The nonlinear characteristic
ac, = dC4 (C4 _ of the voltage-controlled nonlinear capacitor has the following expression:

_ 3
dc, =5.0-v¢, +20.0-v04 . (15)
The two ideal independent voltage sources e; and e, are the sinusoidal signals of diferit frequences:
e; €3-10.0sin €70.159235t _ and e, € 3-10.0sin €70.0557325t _. (16)
1 i 2
——{ 1 =
- 10,042
GD ®2 3
$4 & H B % 0.002H
* V.C.ig.cl)
P
= RE
! —=
2 20.00) 0

Fig 9: Circuit with a voltage-controlled (charge-controlled) nonlinear capacitor

Running SPICE by using the model of the nonlinear capacitor from Figure 5 we get the voltage across the nonlinear
capacitor as in Figure 10.

600mV
l[ T—(9.261[,5[92{957m)

400mV
_.ﬂ_
i |
ov
p—
-400mV
vt4 |- (2
-600mV
Os 50s 100s 150s 200s
¢ V(2)
Time

Fig 10: Time-variation of the v.c. nonlinear capacitor voltage by SPICE

The same result is obtained by using our original program — ENCAP [8] — in which the two models were implemented
(Figure 11).
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Fig 11: Time-variation of the v.c. nonlinear capacitor voltage by ENCAP
8.2. Charge-controlled nonlinear capacitor

We solve the circuit in Figure 9 considering that the nonlinear capacitor is charge-controlled (g.c.). In this case the
nonlinear characteristic V¢, :\7(;4 604 _has the following expression:

Ve, =5.0-qc, +20.o-qg4 : (17)

The results obtained with SPICE and ENCAP are presented in Figure 12 and Figure 13, respectively.

15V

10v

ov I

-10V A
vC4 =|V(2) F V1(¥1.61)
-15Vv T
0s 50s 100s 150s 200s
* V(2)
Time

Fig 12: Time-variation of the g.c. nonlinear capacitor voltage by SPICE
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Fig 13: Time-variation of the g.c. nonlinear capacitor voltage by ENCAP
The results obtained with the two simulators are very closed.
8.3. Current-controlled nonlinear inductor

We consider the nonlinear circuit in Figure 14 containing a current-controlled nonlinear inductor.

10,052

. ()

—
[
&
| L
Qlll_li_:l
=]
=
L5 |

g
20,002 =0

M

Fig 14: Circuit with a current-controlled (flux-controlled) nonlinear inductor
The nonlinear characteristic ¢, = (p|_4 (4 _ of the current-controlled (c.c.) nonlinear inductor has the following
expression:
; :3
=10-i, +50-i; . 18
PLy Ly Ly (18)
The two ideal independent voltage sources e; and e, are the sinusoidal signals of diferit frequences with the expression
given in (16).

Running SPICE by using the model of the current-controlled nonlinear inductor in Figure 7 we get the current through the
nonlinear inductor as in Figure 15.
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600mA
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-800mA
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Fig 15: Time-variation of the c.c. nonlinear inductor current by SPICE
The same result is obtained by ENCAP (Figure 16).

0.6

—] |

f I n F n I | x 1848

I Y:0.5583

0.4

0.2

Curentul iL4 [A]

0 50 100 150 200
Timpul [s]

Fig 16: Time-variation of the c.c. nonlinear inductor current by ENCAP

8.4. Flux-controlled nonlinear inductor

We solve the circuit in Figure 14 considering that the nonlinear inductor is flux-controlled (¢.c.). In this case the nonlinear
characteristic i|_4 = fL4 ()L4 _ has the following expression:

i, =500, +20.O-¢)E4 . (19)

The results obtained with SPICE and ENCAP are presented in Figure 17 and Figure 18, respectively.
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Fig 17: Time-variation of the ¢.c. nonlinear inductor current by SPICE
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Fig 18: Time-variation of the ¢.c. nonlinear inductor current by ENCAP

We can remark the good agreement between the results obtained with the two simulators.
9. CONCLUSION

The most used analog circuit simulator (SPICE) has a rich library of electric and electronic elements. However certain type
of nonlinear elements, such as nonlinear capacitor and nonlinear inductor, are not fully completed since the simulator does
not include nonlinear capacitor both voltage and charge controlled and nonlinear inductor both current and flux controlled.
For this reason we built SPICE-like models for these circuit elements using only SPICE compatible elements.

The proposed models contain voltage sources whose controlling variables are current time-derivatives or current sources
whose controlling variables are voltage time-derivatives. Because these kind of controlled sources are not defined in
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SPICE, firstly we modeled them by equivalent circuits containing only primitive circuit elements accepted by the standard
simulator.

The validation of the models was done by simulations performed both in SPICE and in an original analysis program —
ENCAP - in which these models were implemented.
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