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Abstract: A power-source element is defined and
its properties are studied. The power source
describes the output characteristics of the loss-free
resistor, as well as high quality rectifiers, some
types of switched-mode convertors, and other loss-
less two-ports. It is shown that controlled power
sources are inherent in the large class of buffered
power-conservative two-port networks. This
approach has inspired some new realisations and
applications of the loss-free resistor. A family of
high freqeuncy switched-mode convertors is
shown to exhibit naturally power-source output
characteristics.

1 Introduction

Power-conservative two-port networks are widely used in
modelling of efficient power-processing systems. The
transformer model, including the DC transformer [1],
and the time-variable transformer [2, 3] has been widely
applied in the attempt to model power-electronic circuits
in a simple way. The gyrator bas also found application
[4, 5]. However, efficient power-processing systems exist
which are not adequately described by these models.
These systems perform nonlinear power-processing func-
tions, yet are nonetheless power-conservative. Hence, a
more general approach is needed which encompasses
both linear and nonlinear two-port power-conservative
networks. The generalised two port is denoted POPI
(Puut = Pin) [6]

The POPI approach was strengthened by the develop-
ment of the loss-free resistor (LFR) [7]. This element is a
two-port power-conservative network which emulates
resistive characteristics at its input port, and transfers
power to its output port. It was first realised based on
continuous control of a time-variable transformer or
gyrator such that resistive characteristics appear at the
input terminals [7, 8]. Practical implementation was by
means of a controlled switched-mode convertor. Later, it
was found that switched-mode convertors exist which
naturally (i.e. without additional control) exhibit LFR
behaviour,

Hence, we proposed a simplified model of the LFR
which includes a resistive element at the input terminals,
and a new circuit element at the output terminals called
the power source. We have later found that it has other
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applications as well; in fact, any two-port power-
conservative network which meets simple buffering
conditions must contain a power-source element. Power-
source definition, simplification of series and parallel
combinations, and transferral by gyrators and trans-
formers are given in Section 2. An interesting property is
the equivalence of series- and parallel-connected power-
sources, an attribute not shared by other known non-
trivial one-port elements.

Unity power factor, low-harmonic rectification is
becoming an important power-system issue, with stand-
ards being established. Such rectifiers must exhibit LFR
characteristics, with power-source output characteristics
driving energy storage and other elements [9]. We have
found the LFR/power-source approach to be well suited
for understanding these systems. The power-source
output characteristic inherent in this application has been
experimentally verified, and good agreement has been
found.

2 Definition and some properties of the power
source

The power source is defined as an element whose i~v
curve obeys the following equation

vi=P =constant |v|< o0 |i|<® 1

Eqn. 1 is plotted in Fig. 1a for a positive value of P. Fig.
1h shows the proposed power-source symbol. The value
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of P may be either positive or negative. In the case where
P has a negative value (Fig. 1c), the element delivers
negative power, i.e. is a power sink as shown in Fig. 1d.
The direction of the arrows indicates whether power
flows from the source to the external network (Fig. 1b) or
vice versa (Fig. 1d). For simplicity of notation, the
element is referred to here as a power source, regardless
of whether P is positive or negative. Egn. 1 also implies
that, for nonzero P, the source can be terminated by
neither a short circuit nor an open circuit. Similar to the
voltage and current-source clements, the power-source
element may be controlled by some other system guant-
ity such as a voltage, current, or power signal.

As illustrated in Fig. 2, series, parallel, and other con-
nections (provided the circuit forms a connected graph)
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a parallel
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¢ equivalent single element

Connections of power sources

of power sources are equivalent to a single power-source
element with value

P=YP, @
j=1

This implies that the reduction of complex structures of
power sources to a single source is independent of topol-
ogy. For example, in the simple case in which power
sources P,, P, are interconnected in series (denoted by
H ) or parallel (denoted by [II]) we have

Pth]Pz=P1|EPz (3)

Eqn. 3 states that a network formed by series connec-
tion of power sources P, and P, is equivalent to a
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network formed by parallel connection of the same
power sources. This equivalence is not shared by any
other known nontrivial circuit elements. The equivalent
of series-connected resistors, for example, has a different
resistive value from the same group of resistors in parallel
connection.

Power-source elements are invariant to transfer by
transformers and gyrators, as illustrated in Fig. 3, let P’
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Fig. 3  Invariance of the power source element to transfer by gyrators
and transformers

be a power source P transferred by a transformer or
gyrator. Then

P=P @)

for all nonzero n and g. This is true because the trans-
former and gyrator are both power-conservative two-
port networks. The value P of the equivalent power
source is independent of the gyration constant g or the
transformer turns ratio ». This is also a unique property
of the power source.

For P =0, the power source can behave as both a
short circuit and an open circuit. When it terminates a
current source, it behaves as a short circuit, and it
behaves as an open circuit when terminating a voltage
source.

Interconnection of the power-source e¢lement and an
arbitrary network does not necessarily imply real voltage
and current solutions. An additional compatibility con-
straint must be satisfied: by Tellegen’s theorem, the
network must be capable of sinking or sourcing the
power of the power-source element. Imaginary solutions
indicate that the source and network power requirements
cannot be balanced.

For example, in case of a power source P connected to
a storage battery with open circuit voltage E and internal
resistance r, the current flowing to the battery is given by

2
i=§[\/(1+%)~l:) w>Pz —E4r %)

For a positive value of P there is no limit (in principle) to
the power which such kind of load can absorb. On the
other hand, for a negative value of P, the limit is deter-
mined by the maximum power the battery can deliver,
given by E*/4r,

Another example is a power source connected to a
capacitor C with initial voltage ve, . In this case we have

dve
Pe=yp.i.= = 6
veic =0cC dr (6)
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and the solution is
vlt) = /[2AW, + P1)/C]
We, > — Pt
We, = $Cv¢, 7

In the case in which a power source is connected in
parallel to a voltage source E, its voltage v, and current
are given by

v,=E i,=P/E ity

The same arguments apply in the case of the power
source connected in series with a current source I, in this
case

o, =P/ i,=1 ©)

3 How power sources arise in two-port buffered
POPI networks

The loss-free resistor is an example of a buffered network,
in which the input waveforms are not influenced by the
output port signals, It is shown in this section that when-
ever buffer conditions are satisfied in a power-
conservative (POPI) two-port network, then a controlled
power source must arise. Additional examples are dis-
cussed, including an ideal switching convertor with
output voltage regulation.

In general, either the output port can be buffered from
the input port, or vice versa. In the case when the output
port is buffered, Fig. 4, there is a functional relationship
between the output voltage and current, which is inde-
pendent of the input voltage and current. In a controlled
two-port, the voltage and current may additionally
depend on the control signal u(t). This condition can be
formulated as follows

io = h(Uo’ u(t)) Vvi: il’ (10)
In a power-conservative two-port, the output power must
be derived from the input port. Finite and nonzero values
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Fig. 4  Buffered two-port networks
a buffered output port

of the input signals v; or i; are therefore required, so the
boundaries of v;, i; should be reduced; i.e.

ip=hlv,, ut)) v;#0 i #0 (11)
Eqn. 11 can be written in the following form

0= —i, + hiv,, u(t)) v;#0 i,#0 (12)
or,

Flx,, u(t) =0 (13)
where

F(xa9 u(t)) = _ia + h(U,,, u(t))

=[] e[l
o {01 6] 6]

Eqn. 13 indicates that the output port can be modelled
by an equivalent one-port ¢lement, as in Fig. 4a.

This buffer condition, along with the power-
conservative property of the two-port network, implies
that the input port exhibits a power-source characteristic.
By eqn. 6, the output power is given by

P, =v,i, = v, h(v,, W(t)) (14)
Thus, the output port buffer condition leads to output
power P, which is not a function of v; and i;. By use of

the power-conservative property P,=P,, the input
power is given by

P; = v, h(v,, u(t)) (15)
or,

vi; = P(1) (16)
where

P(t) = v, hiv,, W)

Eqn. 16 is the equation of the power source, as given in
eqn. 1. Therefore, the buffered two-port POPI network

load o
charasteristic
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S R .

b embodiment of an input controlled power source in an output-buffered power-corllse_rvative two-port
¢ operating point determined by intersection of cutput and arbitrary load characteristics
d embodiment of an output-controlled power source in an input-buffered power-conservative two-port
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can be represented as in Fig. 2, and must always contain
a controlled power source at the non-buffered port.

For a given arbitrary load, P(f) is determined by the
output port operating point. As in the case of any
network composed of two elements, the operating point
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Fig. 5  Realisation of a loss-free resistor based on the controlled trans-
Jormer

is determined by the intersection of the load character-
istics and the output port characteristic, eqn. 16, as
shown in Fig. 4c. This alone determines the power given
in eqn. 10, which also determines the value of the power
source P(t) according to eqn. 16.

Similar arguments can be used in the case where the
input port is buffered from the output port. The result is
depicted in Fig. 4d, in which the output port exhibits
power-source characteristics. The loss-free resistor is an
example of a network of this form.

Power sources may also aris¢ in non-power-conserva.
tive buffered two-port networks operating at constant
efficiency ». The arguments are the same as those for the
power-conservative network. In case of positive power-
source creation at the output terminals, the value of the
power source is given by

in (17)

For the case of creation of a power sink at the input
terminals, the power value is given by
P

p = 18
. (18)

4 Some two-port networks with embodied power
sources

4.1 The loss-free resistor

The loss-free resistor (LFR) was first developed to
provide damping and waveshaping in a CO, laser system
[7]. The objective was to obtain resistive characteristics
(ie. obeying Ohm’s and Jouie's laws) without the dis-

ih (6
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Fig. 8  Discontinuous conduction mode buck—boost converter

@ schematic b input and output current waveforms
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advantage of dissipation of the absorbed power. The
realisation was based on the controlled transformer
concept, as shown in Fig. 5. Through variation of the

Fig. 7  Eguivalent circuit for the discontinuous conduction mode buck—
boost convertor

Fig. 8
Based on the controlled power source

Loss-free resistor equivalent circuit model
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Fig. 9  Modelling of output-voltage-stabilised convertor

a stabilisation of output voltage by control of transformer ratio n
b equivalent circuit containing controlled power sink

Fig. 10 Equivalent circuit of average-current-programmed convertor

transfer ratio by a controller, the input port was made to
emulate resistive characteristics. The absorbed power was
returned to the system power supply. It is well known
that a large family of swiiched-mode convertors obeys the
equation of the controlled transformer [1], and one of
these was used in the practical circuit.
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It has been shown [6, 9] that switching convertors
exist which naturally exhibit LFR characteristics, with no
controller at all. An example is the buck-boost convertor
of Fig. 6, operating in the discontinuous conduction
mode (DCM). Any well-designed convertor incorporates
EMLI filtering with a low-pass characteristic, such that the
input current i{t) is well approximated by the average
value of i;(f) [1]. Use of the state-space averaging
approach [ 1] yields the following expression for (i (1))

DT,
2L

where (+> denotes that - has been averaged over one
switching period 75 and D is the transistor duty cycle as
shown in Fig. 6. Note that this equation is of the form

y=v, {19)

[

iy =7 (20)
where
2L
R.= 2 @1
s

Hence, the input port emulates a resistor, as depicted in
Fig. 6¢. The average output current is given by
_viD*T
- Uy 2L

Substitution of egn. 21 into eqn. 22 and rearrangement of
terms yields the expression for the output power

(i) 22)

B (23

v {ip) = R, = )
Hence, the output power P is equal to the input power
absorbed by R,, and is not influenced by the output
quantities v, and i,. The output port characteristic is
shown in Fig. 6d. Thus the DCM buck-boost exhibits
LFR behaviour, and contains a power-source output
characteristic. Other DCM switched-mode convertors
exist, such as the flyback and Cuk convertors [6, 9],
which exhibit similar properties, Hence, there is a family
of convertors which naturally exhibit LFR characteristics.
In the practical cases where the input variations occur at
frequencies sufficiently lower than the EMI filter cutoff
frequency, the filter dynamics can be ignored. The equiv-
alent circuit model can then be simplified as shown in
Fig. 8. This model directly describes the resistive charac-
teristic of the input port, the power source behaviour of
the output port, and the lossless transfer of power from
input to output. Tt is not based on the realisation
method, so it describes the principal features of any LFR.

4.2 Qutput voltage stabilised DC-DC convertors

It is known that a large family of DC-DC convertors,
such as the buck, boost, Cuk, half-bridge, forward, ctc.,
convertors are well modelled as controlled DC trans-
formers [1]. When operated open-loop, the outputs of
these convertors are directly influenced by input varia-
tions. In many applicaticons, a stabilised output voltage is
required, and hence a feedback loop is applied as shown
in Fig. 9a. In a well-designed system, the output tends to
exhibit voltage source characteristics, regardless of the
values of the input voltage and current. Therefore, the
voltage regulator satisfies the buffer conditions, eqn. 10.
Since the control process does not change the power con-
servative nature of the convertor (it is assumed that the
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controller power consumption is negligible), the input
should exhibit power-source characteristics, as given by
eqn. 16.

4.3 Current-programmed convertors

Other similar examples are the average-current-pro-
grammed buck, bridge, and forward convertors, which
can be modelled by power-conservative two-port net-
works whose output currents are proportional to a
control signal [10]. Hence, the output ports of the con-
vertors also satisfy the buffer conditions, eqn. (10). The
input ports must therefore behave as controlled power
sinks, dependent on the output power. The model of Fig,
10 can be applied.

5 Experimental verification

A practical high quality rectifier based on a natural LFR
was constructed, and is described in Reference 9. The
loss-free resistor was realised using a DCM flyback con-
vertor, as shown in Fig. 11a. An equivalent circuit is
shown in Fig. 115. The convertor operated from the
120 VAC 60 Hz line. The measured DC output charac-
teristics are plotted in Fig. 1le. Tt can be seen that the
convertor output port does indeed behave very nearly as
a source of constant DC power, The actual measured
power varied between 11.9 W and 12.4 W for load resist-
ances varying from 3.9 Q to 88 Q. Thus, operation of the
DCM flyback convertor as a loss-free resistor, in a high
quality rectification application, has been verified experi-
mentally. Output port power-source characteristics have
been demonstrated.

6 Conclusions

It has been observed that a number of power-procesing
networks exhibit constant power output characteristics.
This is the motivation for the definition of the power-
source element, and the study of its properties. It was

observed that the loss-free resistor can be simply mod-
elled by the combination of resistive and controlled
power-source elements. It was later realised that the
power-source concept has much wider application.
Systems in which one port is not influenced by the other
include a majority of power electronics applications,
Therefore, this buffer property is formalised in this paper.
A wider class of power-conservative networks which
incorporate this property has been defined. It has been
found that a power source is embodied in ¢ach power-
canservative two-port network which satisfies the buffer-
ing condition.

Some interesting properties of the power-source
element follow from its definition. Attributes not shared
by other known nontrivial one-port elements are the
equivalence of series- and parallel-connected power
sources, and their invariance to their transfer by gyrators
and transformers.
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