
1* S. Barcellona is with the Department of Electronics, Information and Bioengineering (DEIB), Politecnico di 

Milano, I-20133 Milan, Italy, E-mail: simone.barcellona@polimi.it. 
2 G. Superti-Furga was formerly full professor at Politecnico di Milano, I-20133 Milan, Italy, E-mail: 

gabrio.supertifurga@polimi.it). Now he is retired. 
 

 

Copyright © JES 2018 on-line : journal/esrgroups.org/jes 

 

Simone 

Barcellona1,*, 

Gabrio 

Superti-

Furga2 

J. Electrical Systems 14-2 (2018): 1-15 
 

Regular paper 

 

Jump Power Concepts and Some 

Theorems on Switching 

 

JES 

Journal of Journal of Journal of Journal of 
Electrical Electrical Electrical Electrical 
SystemsSystemsSystemsSystems    

 

Power-like functions based on Tellegen’s theorem are important tools in the study of electrical 

networks. Networks containing power converters are nonlinear and/or time-variant. This fact 

continues to represent a challenge regarding both theoretical analysis and practical application. The 

topologies of existing converters are multiform and there is not one single general approach to them. 

In terms of circuit theory, a number of theorems regarding ideal switching can be derived. This paper 

proposes a novel power-like function to describe the switching phenomenon and thus contribute to 

principles underlying power converters. Specifically, it sets out theorems and describes certain 

empirical applications which clearly work in practice but for which no formal proof has yet been 

provided. It focuses in detail on hard commutation of switches and formulates a principle of 

correlation between active (i.e. externally fired) and passive hard switching. The paper concludes by 

presenting examples of applications in support of the theoretical results. 
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1. Introduction 
 

In circuit theory, in addition to the fundamental variables of current and voltage, power-like 

functions are critical to the study of electrical networks. The utility of power-like functions 

derives from the property of balance as expressed by Tellegen’s theorem [1]-[5]. Under 

sinusoidal conditions, common power-like functions, such as active, reactive and complex 

power, are defined. It is well known that the concept of reactive power loses its usefulness 

under nonsinusoidal yet periodical conditions, and many extended reactive power and non-

active power definitions have been proposed in the literature [6]-[14]. 

Static power converters are used with growing frequency in electrical networks. This 

makes them nonlinear and time-variant. In general, networks containing switching devices 

are termed switched networks [15]-[21]. These networks are considered in different ways in 

the literature. In [15], they are treated as networks with a variant topology. In [20], switched 

networks are analysed using the complementarity approach, where switching is basically an 

external constraint to a time-invariant multi-port. Conversely, in [22] networks containing 

switches are treated as networks with an invariant topology, and switching devices are seen 

as time-variant one-port elements. 

In any case, in such networks, switching devices such as diodes, thyristors, GTOs (gate 

turn-off thyristors) and IGBTs (insulated gate bipolar transistors), are essential. In 

theoretical terms, these devices are modeled as ideal switches. Power converters can thus be 

modelled conceptually as compositions of ideal switches and passive elements, such as 

resistors, inductors and capacitors. 



S. Barcellona & G. Superti-Furga : Jump Power Concepts and Some Theorems on Switching  
 

 2

The topologies of existing converters are manifold. Alongside traditional, basic, 

established configurations, in recent years more complex and innovative configurations of 

power converters have become common [23]-[28]. However, such innovative 

configurations seem to derive less from a general principle of power converters than they 

do from the inventiveness of ingenious minds. 

This paper aims to make a contribution to the principles underlying power converters. 

Specifically, it sets out theorems and describes certain empirical applications which clearly 

work in practice but for which no formal proof has yet been provided. In this paper, the 

potential of Tellegen’s theorem is applied in a different manner, and to achieve different 

aims with respect to the abovementioned fields of interest. It takes an original approach to 

managing step discontinuity which involves introducing a new power-like function in order 

to highlight the conservative properties of switching processes, thereby obtaining general 

theorems on the operation of switching networks, with an impact on theoretical constraints 

in converter configurations. Some general criteria regarding the principles and limits of 

power converter design are presented. 

In this paper, networks composed of continuous sources, nonlinear resistors, inductors 

and capacitors are considered in addition to the ideal switches. Among nonlinear resistors, 

the ideal diode is of particular interest. Voltages and currents are assumed to be continuous 

functions with, at most, a finite number of step discontinuities in a finite time interval while 

impulses are excluded. Such impulses may be present in the fault conditions of power 

converters. Of course, step discontinuities are mathematical idealisations of very fast 

physical changes as well as impulses are idealisations of systems with infinite power and 

finite energy. Since, under normal working conditions power converters operate only with 

electric quantities changing in a fast way, all the subsequent theorems and discussion apply 

conformably to these hypothesis. However, fault conditions of power converters lies 

beyond the scope of this paper. 

The paper is organised as follows. Section 2 defines a new mathematical function called 

Jump Function. Section 3 defines a new power-like function called Jump Power, and 

Section 4 applies the latter to one-port elements. Section 5 defines the concepts of passive 

and active hard switching. Section 6 presents some theorems based on the Jump Power 

function. Section 7 analyses switching elements, while Section 8 introduces and defines 

multi-port elements and the ideal multi-port switch. Section 9 sets out a number of 

theorems based on the Jump Power function applied to the ideal multi-port switch. Section 

10 describes a number of applied examples. Finally, Section 11 offers some conclusions. 

 

2. Jump Function 

 
Let us assume that voltages and currents are continuous with, at most, a finite number of 

step discontinuities in any finite time interval. We thus define the Jump Function (JF) 

applied to voltage and current as 

 

( ( )) lim ( ) lim ( )

( ( )) lim ( ) lim ( ).

J v t v v

t t

J i t i i

t t

+ −

+ −

= −

→ →

= −

→ →

τ τ

τ τ

τ τ

τ τ

 (1) 

    

These functions are zero everywhere, except in discrete points where the left and right 

limits of the function are finite and different from each other. At these points, the value of 

the JF is equal to the amplitude of the step discontinuity (with sign). From here on, for any 

instant tk related to a step discontinuity, the following simplified notation is assumed: 
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3. Jump Power 

 
For a one-port element with the reference directions for voltage and current as reported 

in Fig. 1, the Jump Power (JP) is defined as follows: 

 

1
( ) ( ( )) ( ( )).

2
JP t J v t J i t=  (3) 

 

According to (3), the JP is different from zero only when a jump discontinuity occurs 

both in the voltage and in the current simultaneously. According to the reference directions 

in Fig. 1, positive JP can be termed absorbed, while negative JP can be termed generated.

  

 

 
Fig. 1. One-port element. 

3.1. Balance theorem over Jump Power 

Theorem I. Given an electrical network consisting of a connection of electrical ports 

and the same reference direction chosen for all ports, the sum of the Jump Power extended 

to the whole network is zero, i.e. the sum of the generated Jump Power is equal to the sum 

of the absorbed Jump Power. 

The following proof may be given. According to the definition of an electrical network, 

port voltages and currents respectively satisfy Kirchhoff’s Voltage Law (KVL) and 

Kirchhoff’s Current Law (KCL). The JFs (1), because of linear combinations of voltages or 

currents, satisfy respectively the KVL and the KCL as well. Therefore, the product (3) of 

port functions satisfying KLs, according to Tellegen’s theorem [1], is balanced. 

 

4. One-port Elements 

 

4.1. Continuous sources 

 

Let us define continuous sources as either ideal voltage or current sources whose 

waveforms do not exhibit any points of discontinuity. Hence, for continuous sources of 

voltage and current, voltage and current are both continuous functions, therefore the JP (3) 

absorbed by continuous sources is always zero. 

 

( ) 0
s

JP t =  (4) 
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4.2. Resistive one-port element 

 

According to [29], a time-invariant passive resistive one-port element (resistor) is a one-

port element with the non-dynamic characteristic v-i, which satisfies the following 

inequality: 

 

2 1 2 1( )( ) 0v v i i− − ≥   (5) 

 

for any pair of points, (v1, i1) and (v2, i2), belonging to the characteristic. 

If a jump discontinuity occurs at time tk, let us consider v2 = v(tk
+), v1 = v(tk

-) and i2 = 

i(tk
+), i1 = i(tk

-). Hence, given (5) with respect to (3), the JP in a time-invariant passive 

resistor is always nonnegative: 

 

( ) 0.RJP t ≥  (6) 

 

The passive time-invariant resistor is passive in respect of JP. Let us consider that the 

ideal diode is a specific nonlinear resistor. The ideal diode will be explicitly considered 

later. 

 

4.3. Inductive (Capacitive) one-port element 

 

Let us consider a time-invariant inductive (capacitive) one-port element with a current-

controlled (voltage-controlled) continuous characteristic ψ = ψ(i) (q = q(v)). Being an 

inductive (capacitive) one-port element, it follows that at its terminal: 

 

( ) .
d dq

v t i
dt dt

 
= = 

 

ψ
  (7) 

 

Assuming its characteristic to be strictly passive [29], the following inequality holds: 

 

2 1 2 1 2 1 2 1( )( ) 0 (( )( ) 0),i i q q v v− − > − − >ψ ψ  (8) 

 

for any pair of different points, (ψ1, i1) and (ψ2, i2) ((q1, v1) and (q2, v2)),
 
belonging to the 

characteristic. 

Let us assume that the current (voltage) displayed a step discontinuity at time tk, and 

that ψ2 = ψ(tk
+), ψ1 = ψ(tk

-) and i2 = i(tk
+), i1 = i(tk

-) (q2 = q(tk
+), q1 = q(tk

-) and v2 = v(tk
+), v1 

= v(tk
-)). According to the hypothesis, therefore, i(tk

+) - i(tk
-) ≠ 0 (v(tk

+) - v(tk
-) ≠ 0), and so, 

from (8) we derive ψ(tk
+) - ψ(tk

-) ≠ 0, (q(tk
+) - q(tk

-) ≠ 0). This means that the flux (charge) 

has a step discontinuity and, according to (7), an impulse would appear in the inductor 

voltage (capacitor current). If it is assumed that no impulse is allowed, the inductor current 

(capacitor voltage) cannot have step discontinuities. Hence, J(i) = 0 (J(v) = 0) and the JP 

absorbed by a strictly passive time-invariant inductor (capacitor) is always zero. 

 

0 ( 0)L CJP JP= =  (9) 
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4.4. Ideal one-port switch 

 

Let us consider the ideal switch depicted in Fig. 2. It is a time-variant element with two 

possible states: closed (v = 0) and open (i = 0), with instantaneous transition between states. 

It is a linear resistor with time-variant characteristic as depicted in Fig. 2. 

 

 
Fig. 2. a) Ideal one-port switch; characteristic of the ideal switch b) closed; c) open 

 

In the case of a transition from open to closed at time tk, the voltage VSW = v(tk
-) applied 

to the switch becomes zero and the current which was zero becomes ISW = i(tk
+). Hence, 

according to (2), the JFs of the voltage and current are as follows: 

 

( ( ))

( ( )) .

k SW

k SW

J v t V

J i t I

= −

=
 

 

According to (3), the JP absorbed by the ideal switch is 

 

1
.

2
SWclosed SW SWJP V I= −  (10) 

 

In the case of a transition from closed to open at time tk, the current ISW = i(tk
-) that was 

flowing is interrupted and the voltage that was zero becomes VSW = v(tk
+). Hence, according 

to (2), the JFs of the voltage and current are as follows: 

 

( ( ))

( ( )) .

k SW

k SW

J v t V

J i t I

=

= −
 

 

According to (3), the JP absorbed by the ideal switch is 

 

1
.

2
SWopen SW SW

JP V I= −  (11) 

 

It should be noted that, if VSW and ISW are the same, (10) and (11) yield the same results 

both for opening and closing commutations. 
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5. Active and passive hard switching 

 
Let us define hard switching the commutation in which both voltage and current have 

discontinuity at the same time (VSWISW ≠ 0), and soft switching the opposite case (VSWISW = 

0). 

In order to obtain more stringent results, let us define active hard switching as the ideal 

switch commutation, so that the following strict inequality is valid: 

 

0.
SW SW

V I >  (12) 

 

We then define passive hard switching the opposite case, namely: 

 

0.
SW SW

V I <  (13) 

 

For the sake of clarity, active hard switching applies when VSW and ISW have the same 

sign before and after commutation. If VSWISW > 0 (active hard switching) for the ideal 

switch, the JP is negative both in closing (10) and in opening (11). In other words, active 

hard switching generates the JP. If VSWISW < 0 (passive hard switching) the ideal switch 

absorbs the JP.  

It may thus be stated that the sign of the JP on the ideal switch depends exclusively on 

whether the condition of active or passive hard switching applies. It is interesting to note 

that the JP does not discriminate between closing (10) and opening (11) commutations. 

 

6. Some Theorems based on Jump Power 

 
Let us define the RLCS network as an electrical network composed of passive time-

invariant resistors, strictly passive time-invariant inductors, strictly passive time-invariant 

capacitors, ideal switches and continuous generators. 

Table 1 shows the JP in RLCS networks. It can be seen from Table 1 that inductors and 

capacitors, in addition to continuous generators, do not involve JP, while the resistor can 

only absorb it. The key aspect is that the only element that can generate JP is the ideal 

switch in active hard switching. For this reason, the following results apply for an RLCS 

network: 

Theorem II. If a non-zero Jump Power is involved, then at least one ideal switch that 

commutes in active hard switching is required. 

 

Table 1: Jump Power on one-port elements 
Electric Element Jump Power 

continuous voltage or current sources 0 

passive time-invariant resistor  ≥ 0 

strictly passive time-invariant inductor  0 

strictly passive time-invariant capacitor  0 

ideal switch (active hard switching) < 0 
ideal switch (passive hard switching) > 0 

ideal switch (soft switching) 0 

 

This theorem can be proved as follows. According to Table 1, the only element that can 

generate JP is the ideal switch in active hard switching. Consequently, if a non-zero JP is 

involved, at least one ideal switch must be present in the network. 
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Theorem III. If an ideal switch produces an active hard switching commutation, then at 

least one resistor or another ideal switch that produces a passive hard switching 

commutation is required. 

This theorem can be proved as follows. According to Table 1, the only elements that 

can absorb JP are the ideal switch in passive hard switching and the resistor. Consequently, 

if an ideal switch produces a hard switching commutation, in order to satisfy the balance 

theorem for JP, at least one ideal switch that produces a passive hard switching 

commutation or a resistor must be present in the network. 

The following corollaries can be derived from the theorems described above. 

Corollary I. Given an RLCS electrical network with no resistors and only one ideal 

switch, only soft switching commutations are possible. 

Corollary II. If only one ideal switch commutes at a time in hard switching, this 

switching must be active hard switching. 

Corollary III. If an ideal switch produces a passive hard switching commutation, then at 

least one other ideal switch that produces an active hard switching commutation is 

required. 

 

7. Switching elements 

 

Section 6 sets out a number of general results based on the ideal one-port switch. An 

ideal switch is a time-variant element that can work in all four quadrants of the v-i plane. In 

other words, it is bidirectional for both current and voltage i.e. it is a fully bidirectional 

switch. 

In practice, power converters are based on switching systems in which switches are 

implemented by means of switching elements that are unidirectional in terms of current and 

bidirectional in terms of voltage, such as thyristors, GTOs and IGBTs. Moreover, diodes 

are frequently employed in switching systems because of their peculiar v-i characteristic. 

Therefore, in order to reflect the composition of actual switching systems more 

accurately and achieve more stringent results, we shall now break down and remodel RLCS 

networks.  

To this end, it is necessary to introduce the ideal diode and the unidirectional ideal 

switch as specific one-port elements. This assumption allows us to define switching 

elements as a set consisting of ideal switches, ideal diodes and unidirectional ideal 

switches. 

It is important to recognise that these new definitions and the theorems deriving from 

them are included as special cases in the more general RLCS network and results. Indeed, 

the ideal diode is a nonlinear resistor and the unidirectional ideal switch can be considered 

the series connection of an ideal switch and an ideal diode. This new assumption, however, 

makes it possible to consider, in a simple way, the unidirectional ideal switch as a unique 

switching element, as in real-world systems. JP can therefore be applied to these unique 

elements, which yields certain extremely interesting results in power converters. These 

results are presented in Section 9. 

 

7.1. Ideal one-port diode 

 
In Section 4.2, it was stated that the ideal diode (Fig. 3) is a specific type of nonlinear 

resistor due to its particular v-i characteristic. Resistors are involved in the theorems 

described above, which correctly include the ideal diode. To obtain stringent results, it is 

useful to assume particular properties for the ideal diode and to extend the switching 

concept to it. Indeed, in the literature, for convenience the diode is typically considered an 

internally controlled switch [19]. Its characteristic (Fig. 3) is, in fact, similar to that of the 
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ideal switch. However, the working point of the diode follows from the circuit dynamics. 

Thus, the same rule that applies to the ideal switch can be extended to the ideal diode. 

 

 
Fig. 3. a) Ideal one-port diode; b) Ideal diode characteristic on the v-i plane 

 

When the ideal diode jumps at time tk from the point A to the point B on its 

characteristic (Fig. 3), the voltage VD = v(tk
-) ≤ 0 that was applied on the diode becomes 

zero and the current that was zero becomes ID = i(tk
+) ≥ 0. Hence, according to (2), the JF of 

the voltage and current are as follows: 

 

( ( )) 0

( ( )) 0.

k D

k D

J v t V

J i t I

= − >

= >
 

 

According to (3), the JP absorbed by the ideal diode is 

 

1
0.

2
Dclosed D DJP V I= − ≥  (14) 

 

When the ideal diode jumps at time tk from the point B to the point A on its 

characteristic, the current ID = i(tk
-) ≥ 0 that was flowing is interrupted, and the voltage that 

was zero becomes VD = v(tk
+) ≤ 0. Hence, according to (2), the JF of the voltage and current 

are as follows: 

 

( ( )) 0

( ( )) 0

k D

k D

J v t V

J i t I

= <

= − <
 

 

According to (3), the JP absorbed by the ideal diode is 

 

1
0.

2
Dopen D DJP V I= − ≥  (15) 

 

By way of (14) and (15), it is possible to state that the ideal diode can only absorb the JP, 

according to the general rule (6) for nonlinear resistors. In addition, according to (14) and 

(15), it follows that the ideal diode can only commute in passive hard switching. 

 

7.2. Unidirectional ideal one-port switch 

 

The unidirectional ideal switch (Fig. 4) is bidirectional in terms of voltage but 

unidirectional in terms of current. Its time-variant characteristic is shown in Fig. 4. 
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Fig. 4. Unidirectional ideal switch a) closed; b) open. 

 

From Fig. 4, it can be seen that the unidirectional ideal switch can be viewed as being 

composed of an ideal switch series connected to an ideal diode. The straightforward hard 

switching concept is applied to the unidirectional ideal switch with the constraint i ≥ 0. 

The unidirectional ideal switch indicates that active hard switching is related to the 

time-variant characteristic. This fact corresponds to an external command given to the 

switching element. Indeed, if the characteristic of the switching elements is not modified in 

a forced way, the resulting static characteristic is associated with a passive nonlinear 

resistor. Consequently, only passive hard switching is possible. Conversely, a change in the 

characteristic of the switching element does not necessarily imply active hard switching. 

 

8. Multi-port elements 
 

Let us consider a multi-port element (Fig. 5), with n electrical ports. For a multi-port 

element, the absorbed JP is given by the sum of the JP at each port. 

 

1

.
n

MP k

k

JP JP
=

=∑  (16) 

 

 
Fig. 5. Multi-port element 

 

Let us define a discontinuity-insulated multi-port as a multi-port where external 

constraints dictate that current or voltage must be continuous for each port. These 

conditions are usually achieved by connecting the external ports in series to inductors or 

continuous current sources, or in parallel to capacitors or continuous voltage sources. 

Corollary IV. Given a discontinuity-insulated multi-port, all of the theorems and 

corollaries set out in Section 6 still hold when applied to this multi-port. 

This corollary can be proved as follows. According to the definition of a discontinuity-

insulated multi-port, currents and voltages at the external ports are continuous. Therefore, 

the JP absorbed by each electrical port is zero. Therefore, according to the balance theorem, 
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the sum of JPs at the multi-port is zero. Hence, the results set out in Section 6, based on the 

balance condition for JP, still hold. 

 

9. Theorems on ideal multi-port switches 

 
Let us define the ideal multi-port switch (IMPS) as a discontinuity-insulated multi-port 

consisting exclusively of switching elements. 

Table 2 summarises the JP in the ideal multi-port switch. A highly significant result to 

emerge from Table 2 is that the concepts of hard switching and JP overlap completely. 

Therefore, the balance property, which applies to JP, implies a sort of balance principle 

which applies to active and passive hard switching, in the sense that in an IMPS, active and 

passive hard switching always occur as pairs at the same instant. This “balance” must be 

understood in a broad sense, as hard switching is not a quantitative concept. More 

generally, it can be stated that at a given instant, a set of switching devices performs active 

hard switching and a different set of switching devices performs passive hard switching. 

Furthermore, balance in quantitative terms can be seen from the correspondence between 

hard switching and JP. More formally, the following theorem holds. 

Theorem IV. In an ideal multi-port switch, if hard switching takes place at a given 

instant, then at this instant (at least) one switching element applies active hard switching 

and (at least) one other switching element applies passive hard switching. 

 

Table 2 : Jump Power in multi-port ideal switch 

Electric Element 
Jump 

Power 

ideal switch and unidirectional ideal switch 

 (active hard switching) 
< 0 

ideal switch, unidirectional ideal switch and ideal diode 
(passive hard switching) 

> 0 

ideal switch, unidirectional ideal switch and ideal diode 

(soft switching) 
0 

 

This theorem can be proved as follows. According to Table 2, hard switching 

commutations involve a non-zero JP. Consequently, to be consistent with the balance 

theorem over JP, at least one switching element commutes in active hard switching in order 

to generate the JP, and at least one switching element commutes in passive hard switching 

in order to absorb the JP at the same time. The following corollaries can be derived. 

Corollary V. If only one ideal switch (or one unidirectional ideal switch) is present in 

an ideal multi-port switch, then hard switching is impossible. 

Corollary VI. In an IMPS, hard switching is possible if (at least) one switching element 

applies active hard switching. 

Corollary VII. If only one switching element commutes at a given time in an IMPS, only 

soft switching commutations are possible. 

Corollary VIII. If the ideal multi-port switch is constituted only by ideal diodes, only 

soft switching commutations are possible. 
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10. Application examples 
 

10.1. Bridge rectifier 

 
Let us consider the bridge rectifier illustrated in Fig. 6. 

 

 
Fig. 6. Bridge rectifier 

 

According to Table 2, diodes can only absorb JP. Because of the presence of the 

capacitive and inductive external ports, the total JP going into the rectifier, which is an 

IMPS, must be zero. As a result, according to Corollary VIII, the bridge rectifier can only 

apply soft switching commutations. Indeed, commutations apply only when the voltages on 

the diodes cross zero. Fig. 7 depicts the switching of diode pairs D1 and D2 at time tα. The 

switching of pairs D3 and D4 is similar. This is a mathematical demonstration of the fact 

that systems composed only of diodes cannot perform hard switching. 

 

 
Fig. 7. Switching of D1 and D2 (idealised waveforms) 

 

10.2. Fully controlled bridge rectifier 

 

Let us consider the fully controlled bridge rectifier illustrated in Fig. 8. The set of four 

switches is an IMPS. 
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Fig. 8. Fully controlled bridge rectifier 

 

A thyristor, as a unidirectional switch, can absorb and generate JP. Because of the 

presence of the capacitive and inductive external ports, the total JP going into the rectifier 

must be zero. Consequently, according to Theorem IV, the fully controlled bridge rectifier 

can apply active and passive hard switching commutations in a balanced way. Indeed, by 

means of the firing angle α, the thyristor can close when its voltage is different from zero; 

at the same time, the current in the element has a jump discontinuity. The active hard 

switching at the firing time instant causes a passive hard switching commutation in the 

other thyristor which switches off. Fig. 9 depicts the switching of thyristor pairs T1 and T2. 

At the firing time tα, T1 shows active hard switching and T2 shows passive hard switching, 

with features being exchanged at firing time tβ. The balance properties of the JP and hard 

switching are confirmed. 

 

 
Fig. 9 Switching of T1 and T2 (idealised waveforms) 

 

10.3. Single-phase inverter 

 

Let us consider the single-phase inverter depicted in Fig. 10, which is constituted by 

unidirectional switches, for instance GTOs, and diodes. This sketch also represents one 

phase of a multiphase converter. Again, the set of the four switches is an IMPS. 
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Fig. 10. Single-phase inverter 

 

Let us suppose that at time t = 0 GTO 1 closes while the other opens. Supposing that VD 

> 0 and i > 0, before commutation, the electrical variables are as follows: 

 

1

1

1 1

2

2

2 2

(0 ) 0

(0 ) 0

(0 ) (0 )

(0 ) 0

(0 ) (0 )

(0 ) (0 ) 0.

G

D

G D D

G

D

G D

i

i

v v V

i

i i

v v

−

−

− −

−

− −

− −

=

=

= − =

=

=

= − =

 (17) 

 

After commutation, the electrical variables are as follows: 

 

1

1

1 1

2

2

2 2

(0 ) (0 )

(0 ) 0

(0 ) (0 ) 0

(0 ) 0

(0 ) 0

(0 ) (0 ) .

G

D

G D

G

D

G D D

i i

i

v v

i

i

v v V

+ +

+

+ +

+

+

+ +

=

=

= − =

=

=

= − =

 (18) 

 

Since the inductor current is continuous, then i(0-) = i(0+) = i(0). In this way, according to 

(3), the JPs absorbed by the elements are the following: 

 

1

1

2

2

1
(0)

2

0

0

1
(0).

2

G D

D

G

D D

JP V i

JP

JP

JP V i

= −

=

=

=

  (19) 

 

Indeed, according to Theorem IV, GTO 1 applies an active hard switching commutation 

which generates the JP, while diode 2 applies a passive hard switching commutation which 

absorbs the same JP. The balance properties of JP and the hard switching concept are 

confirmed. This is a mathematical demonstration that, fixed the direction of the current i, 
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the commutation of the upper (lower) unidirectional switch and the lower (upper) diode are 

forced to be complementary each other.   

 

11. Conclusion 
 

This paper presents a novel conservative function called Jump Power, and uses this 

function to state a number of theorems and corollaries regarding switched networks. The 

networks considered are composed of continuous sources, time-invariant passive resistors, 

strictly passive time-invariant inductors and capacitors, in addition to ideal switches, 

unidirectional ideal switches and ideal diodes. Specifically, it defines the ideal multi-port 

switch as a system composed of only switching devices. Finally, it sets out a number of 

specific theorems regarding the ideal multi-port switch. 

The main result of the analysis set out in this paper is the demonstration that active hard 

switching applies exclusively to externally-commutated devices, and that, in addition, 

active and passive hard switching are mutually related (balanced). Everyday experience 

shows that simultaneous switching on pairs of switches occurs in a forced commutated 

power converter. This paper presents, from a mathematical point of view, the reason and 

conditions for a such behaviour. 

It is hoped that the results presented herein can further understanding of the 

fundamental principles underlying electronic power converters and the principles that make 

power conversion possible. 

These results may spur progress in several directions, for instance by enabling the 

feasibility of innovative configurations to be evaluated a priori. In addition, the correlation 

between active and passive hard switching makes it possible to predict what kinds of 

switches are needed in certain switching configurations and derive concise methods for 

making preliminary estimates of switching losses. More generally, in the authors’ view, the 

Jump Power function is potentially a powerful instrument for dealing with step 

discontinuities and similar issues in a wide variety of situations. In short, a number of future 

developments can be envisaged. 

Only one issue remains to be addressed. Theorem IV states that active and passive hard 

switching are balanced, but this fact does not imply that switch opening and closing are 

balanced as well. In other words, the Jump Power function alone does not make it possible 

to determine whether, or under what conditions, opening and closing commutations are 

mutually related. This remains an open question, to be investigated further by means of a 

variety of approaches. 
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