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Abstract - The focus of this paper is to
show how representing power electronic circuits
with hybrid automata. The paper introduces a
methoaology for obtaining the hybrid automata
from the analysis of the operating modes of the
power converter circuit including its associated
feedback controller. This methodology is a first
step toward the use of formal methods in the field
of power electronics.

I. INTRODUCTION

The use of formal specification and verification tech-
niques in the development physical systems has become
more and more important in the computer science and
industrial fields. The investigation of efficient method-
ologies for analyzing the behavior of dynamic physical
systems is an everlasting challenge for scientists and en-
gineers [1].

If the system specifications are described in terms of
a formal language or with a mathematical model, can
express the most relevant characteristics of the mod-
elled systems, avoiding redundancies and ambiguities [2].
Problems in the implementation and test phases are re-
duced since the use of a formal model provides a way for
the designers to find out potential problems in the system
specification phase. Formal specifications and mathemat-
ical analysis present a way to treat and study enormous
state space involved in complex systems. Formal tech-
niques have the potential for increasing safety and de-
creasing the cost of analyzing complex systems.

The global behavior of a given physical system results
from the interactions of its components and can be de-
scribed through the different states visited during its dy-
namic evolution [3]. The power electronic circuits are
networks composed of electronic components and semi-
conductor devices. The analysis and design of such net-
works starts by the numerical simulation of the converter
under study. If for the purposes of the study the semicon-
ductor devices are treated as ideal switches the network
will have variable topology and the power electronic cir-
cuit can be classified as a hybrid system. A hybrid sys-
tem is a dynamical system whose behavior exhibits both
discrete and continuous change [4,5]. The behavior of
these systems is described by continuous dynamic with
the intervention of discrete events. In this case the dis-
crete events correspond to the closing and opening of the
switches and the continuous time dynamics correspond
to the differential equations representing each one of the
topologies of the network. There are different paradigms
to model hybrid systems [4,5]. Among all the available
models, the use of hybrid automata seems to be quite ad-
equate for representing the behavior of power electronic
circuits. Hybrid automata are generalized finite-state ma-
chines whose states are associated with a set of differen-
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tial equations for describing the dynamic specification of
the system evolution at that particular configuration and
whose arcs model an abrupt change in the dynamic be-
havior of the system that cause the transition from one
configuration to another [6, 7].

Formal methods have had difficulty in gaining accep-
tance in the industrial field because many consider formal
methods to be an approach for system specification and
analysis that requires a large learning time. Besides, there
is the fact that some types of formal methods have not
yet been tested with systems of reasonable complexity [8].

The objective of this paper is to introduce a method-
ology for obtaining the hybrid automata that represents
the behavior of power electronic circuits. The motivation
behind this objective is to exploit the use of formal tools
in the context of power electronics.

The paper is organized as follows. Section II and III
describe the hybrid automaton formalism and the pro-
posed methodology for obtaining the hybrid automata
for representing power electronic circuits, respectively.
To illustrate the methodology, an example for the zero-
voltage quasi-resonant boost converter topology is pre-
sented. Section IV presents our conclusions.

II. HYBRID AUTOMATA

Hybrid automata are considered one of major for-
malisms used to specify hybrid systems. Hybrid au-
tomata are a generalization of finite automata whose
states describe the dynamic behavior of the modelled sys-
tem. Transitions between states characterize a change of
dynamic profile of the designed system. The system com-
ponents (Cls) are modelled by independent automata,
and the global behavior is obtained by the interaction and
integration of these independent automata (H/s). State
transitions in a component are caused by the events or
messages generated by itself or received from the oth-
ers components or the external environment. The global
system is result of the composition of the component au-
tomata.

Definition 1 A hybrid automaton is a system H =
(X, V, flow,inv,init, E, jump, X, syn) that consists of
the following components [4,5,9].

e Variables. A finite ordered set X = {21,22,...,2,}
of real-numbered variables where n is called the
dimension of H. It is denoted by X the set
{#1,%2,...,%,} representing the first time deriva-
tives of X. It is denoted by X' the set
{z1,25,..., 2] } representing values of X at the end
of a discrete change.

o Control mode. A finite set V of control modes, also
called locations.

e Flow conditions. A labelling function flow that as-
signs a flow condition to each control mode v € V.

The flow condition flow(v) is a predicate over X UX.



While the control of the hybrid automaton H is in
mode v, the vector X evolves along a differentiable
curve such that at all points X and X satisfy the
flow condition flow(v). The set of flow equations is
denoted F'.

e Invariant conditions. A labelling function inv that
assigns an invariant condition to each control v € V.
The invariant condition inv(v) is a predicate over X.
While the control of hybrid automaton H is in mode
v, the vector X must satisfy the invariant condition
inv(v).

e Initial conditions. A labelling function init that as-
signs an initial condition to each control mode v € V.
The initial condition init(v) is a predicate over X.
The control of the hybrid automaton H may start in
the control mode v when the initial condition init(v)
is true. In the graphical representation the initial
conditions appear as labels on incoming arrows with-
out source nodes. Initial conditions of the form false
are not, depicted.

e Control switches. A finite multiset £ of control
switches. Each control switch (v,v') is a directed
edge between a source mode v € V and a target
mode v' € V and represents a transition between
the locations.

e Jump conditions. A labelling function jump that
assigns to each control switch e € E a predicate.
Each jump condition jump(e) is a predicate over X U

!

e Events. A finite set ¥ of events, and a labelling func-
tion syn that assigns an event in ¥ to each control
switch e € F.

The state of the hybrid automaton H is a pair (v,a)
consisting of a control mode v € V and a vector a =
(a1,...,a,) that represents a value a; € IR for each z; €
X.

¢ turnoff
x=3
A=2 x=1

Fig. 1 Simple thermostat automaton

An example of a simple hybrid automaton is shown
in Fig. 1 [10]. This automaton is the component C; of a
heating system. This system also contains the component
C, as illustrated in the Fig. 2.

The model of the Fig. 1 captures the dynamics of a sim-
ple thermostat. The model uses a real variable z, which
represents the temperature of the heater. The evolution
of z is determined by the initial conditions, the differential
equations present in every modes, and by the transitions
between modes. The heater is turned off when the tem-
perature reaches 3 degrees, and it is turned on when the
temperature falls to 1 degree. In the formal framework
defined previously, X = {z} and V = {on,o0ff}. The
continuous dynamics for mode on is given by © = —z + 5,
which describes an exponential rise of the temperature
z. For mode of f the continuous dynamics is given by
z = —zx, describing an exponential fall in the tempera-
ture. For both operating modes, the invariant condition
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is 1 < z < 3. The initial condition for mode on is z = 2.
There are 2 transitions in the Fig. 1, namely (on, of f) and
(of f,on). The transition (on,of f) fires when the condi-
tion given by x = 3 is satisfied and similarly the transition
(of f,on) fires when the condition given by z = 1 is sat-
isfied. It is common to use guards (G) to represent the
conditions for changing the location. The set of discrete
events for this example is ¥ = {turnon,turnoff}. The
function syn associates the event turnon to the transi-
tion (of f,on), and associates the event turnoff to the
transition (on,of f). The occurrence of these events will
synchronize the automata of the system, like for instance
with the other component automaton Cs.

A hybrid system typically consists of several compo-
nents which operate concurrently and communicate with
each other. Each component is described as a separated
hybrid automaton. The synchronization of the global sys-
tem is obtained by:

1. The use of shared variables, and
2. Synchronization labels on the transitions are used to
model message-type coordination.

The composition automata is obtained as following:
The locations of the parallel composition of any two au-
tomata A; and A, are pairs of locations, the first from
A; and the second from A,. The location (v;,v2) has the
conjunction of v; and vy’s invariants as its invariant, and
the conjunction of their flow conditions as its flow condi-
tion. A location is initial iff its components are initial in
theirs respective automata. The initial predicate is the
conjunction of the initial predicates of the components.
Transitions from the components are interleaved, unless
they share the same synchronization label, in which case
they are synchronized and executed simultaneously [11].

Formally, let A; and Ay are hybrid automata,
where X; N Xy = 0. The composition automa-
ton of A; and A, is a system A = (X; U

X2, Vi x Vs, flow, init, inv, E, jump, X, UXs, syn), where:
(i) flow((vi,v2)) = flow(vi) A flows(va); (i)
inv((vi,v2)) = invi(v1) A inva(vs); (iii) indt((vi,ve)) =
inaty (v1) A inita(ve).

For the transitions, e = ((v1,v}), (v2,v5)) € E iff one
of the following conditions hold:

Lovi = vy, e = (v2,v4) € Ey and syna(e2) ¢ Xp;
Jump(e) = jumpa(e2) and syn(e) = syna(es).

2. v2 = vy, e1 = (v1,v]) € E; and syni(e;) ¢ Ty;
Jump(e) = jumpi(e1) and syn(e) = syni(e;).

3. e1 = (v1,v]) € Ey, ea = (v2,v}) € Ea, syni(e)) =
syna(e2). In this case, jump(e) = jumpi(e;) A
jumps(ez) and syn(e) = syni(er).

To illustrate how to obtain the composition automata,
we consider that the thermostat [See Fig. 1] controls the
heating machine shown in Fig. 2. The component C; and
component Cy communicate by synchronizing the turnon
and turnoff events. When there is a turnon or a turnoff
in the thermostat automaton (Cy), the synchronization
with the corresponding transition in the heating machine
automaton (C3) will occur. This synchronization will
eventually change the state of the heating machine. The
composition process results on a new automaton. How-
ever, this new automaton is usually not written explicitly
and is dynamically created during the execution of the
component automata.

The decomposition of the system in components is in
the very nature of the modelling process by hybrid au-
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Fig. 2 Heating machine automaton

tomata, and the composition process of these components
actually happens in real time. However, during the anal-
ysis and specification steps the composition is achieved
by the software package employed to study the system.

III. MODELLING METHODOLOGY

For building the hybrid automata models of a com-
plex system, like power electronic circuits, we have used
a top-down approach. At first, the designer specify and
model the automata for each system components, then
the global model is obtained by the composition of these
automata, as described before.

This model can represent, initially, the most impor-
tant characteristics of the system operating with ideal-
ized semiconductor devices. The obtained model can be
further refined by replacing some idealized semiconduc-
tor devices by more detailed equivalent ones. In this case,
the hybrid automata equivalent to this device is searched
in a hybrid automaton library and then replaced into the
original automaton. The hybrid automata library (HAL)
contains a set of refined automata models representing the
detailed behavior of the semiconductor devices. This type
of refinement is usually employed when studying power
electronic circuits with the help of simulation packages
like PSPICE. The refinement process of the hybrid au-
tomata model is illustrated in Fig. 3.
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Fig. 3 Diagram of refinement process

The modelling methodology consists of the specifica-
tion of the components of the circuit by hybrid au-
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tomata. This requires the definition of all components
in H = (X,V, flow,inv,init, E, jump, X, syn). To ob-
tain the model of hybrid automaton that represents a
given power electronic circuit, the steps described bellow
should be followed:

1. Identify the components of the system (C!s)
2. For each identified component (C;) do

(a) Enumerate all the elements that may change
the discrete mode

(b) Identify all the continuous-time state variables
of the component (X'’s)

(c) Establish all the operation modes - vertices or
locations ( V’s) - based on identified discrete el-
ements

(d) Determine the dynamic behavior for each iden-
tified operation mode - create the flow equations
(F’s)

(e) Establish all the conditions that the system con-
tinues in the same operation mode - set of in-
variants (inv)

(f) Identify all the transitions between the opera-
tions modes that are possible to occur and all
events associated to these transitions - edges
(F) and events (X), respectively.

(g) Establish all necessary conditions to all tran-
sitions occurrences for the each component -
guards (G)

3. EndFor

4. Define the initial condition for each component
(init’s)

5. Define the interaction for each component by shared
variables or events (syn)

6. Obtain the global model (Mg) by composition.

7. Is it necessary some device refinement ?

(a) Yes.

i. Get the refined automaton of this device
from the hybrid automata library.

ii. Go to step 2.
(b) No.
i. Global Model obtained.
8. End of procedure.

During the modelling process the details of the cir-
cuit behavior must be deeply analyzed and then ex-
pressed mathematically in the hybrid automaton frame-
work. This forces the designer to deeper his knowledge
about converter’s operation in a step by step way until
the global model is obtained. There is no loss of expres-
siveness when hybrid automata are used to study power
electronic circuits. Besides, it provides a formal model
that enables to perform verification and analysis of the
converter behavior.

In general, the modelling of power electronic circuit us-
ing hybrid automata results in a mathematical model rel-
atively detailed and complex. However, verification and
analysis of such model can be successfully done with the
aid of (semi) automatic computational tools like Check-
Mate [12], SHIFT [13] or Simulink. On the other hand,
for some analysis a simplified model may be required.
The use of reduced complexity models is also treated in



the hybrid automata framework by using the approxi-
mate automata theory [12,14]. In this theory the global
hybrid automaton is converted into discrete and finite
models called quotient transition systems or approximat-
ing automata. The transitions between states in the ap-
proximating automaton are computed using the reacha-
bility analysis technique called the flow pipe approxima-
tion [12,14].

A. Application: ZVS-QR Boost Converter

The use of the above procedure will be illustrated for
the zero-voltage quasi-resonant boost converter shown in

Fig. 4.
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Fig. 4 Circuit of the ZVS-QR boost converter and its

feedback controller

In this paper we do not discuss the design of such con-
verter. The reader interested in that subject should look
for this in specific paper like [15].

The modelling steps are easily identified as following:

Step 1 The components (C}s) of this system are the
power converter and the feedback controller.

A. ZVS-QR Boost Converter

For this converter, we build the respective hybrid automa-
ton according to the following steps:

Step 2(a) The components that may cause discrete
mode changes are the switch (Sw), the diode (D)
and an anti-parallel diode (Dw). The current flow-
ing through the switch Sw is assumed to be unidi-
rectional.

Step 2(b) The continuous-time variables are iz, irs,
vet, vee and Epc. However, it is assumed that Epc
is constant and it will be removed from the vector X.
The subscripts in the names of the variables corre-
spond to the labels of the components shown in the
Fig. 4.

Step 2(c) In this case there are eight discrete modes as
shown below.

Mode || Sw || D Dw
1 Off || Off | Off
2 Off || On | Off
3 On || On | Off
4 On || Off | Off
5 Off || Off | On
6 Off [ On | On
7 On | On | On
8 On || Off | On

The designer must analyze if all the discrete mode
are physically possible. In this circuit, the modes 7
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and 8 are not possible because when the switch Sw is
turned on the anti-parallel diode Dw does not turn
on. Then, in this case, the discrete modes are repre-
sented by V' = {Locl, Loc2, Loc3, Loc4, Loc5, Loc6} .

Step 2 (d), (e), (f) and (g) The execution of these
steps can be done simultaneously as shown in the
following. The switching cycle of this converter
starts when Sw, Dw and D are all turned-off
(Locl). The initial condition is iy, = I, ifs =
0, ve1r = Vo, ve2 = 0, where I; = 0.084 and
Vo = 16V and the state vector is defined as X =
[ir1 ir2 wver wves |7

The set of invariant conditions and the set of differen-
tial equations representing the flow conditions for the all
operation modes are:

Loc1: Invariant condition - ifs = 0,vc1 > 0,000 >
0,ve2 <wer

00 0 -£ .
. 0 0 0 0 0
X = 0 0 R1Cl 0 X + 0 Epc (1)
&Z 0 0 0 0
2

Loc2: Invariant condition - ig; > 0,350 > 0,001 >
07,0(72 > 07 Vo2 > Vet

o 0o 0 - 1
- o o -L M
X=|o ¥ T omo|xif 0 g,
1 C]l RCy 0
& -2 0 0
(2)

Loc3: Invariant condition - if; > 0,izs > 0,001 >
0, Voo = 0

00 0 0 L
. 0 0 -+ o0 ]
X = L I X+| Y |Epe @)
0 & -z 0 0
0 O 0 0 0

Loc4: Invariant condition - ir; > 0,ifs = 0,vcr >
0, vo2 =0

je= i en i en)

X = (4)

Epc

o ool

00

%
X+ 0 (5)

Epc

[enien B anl an]

0

00 0 0 1
(|00 e |0, ©
X = ; + 6

0 % _R101 0 0 e

00 0 0 0

Figure 5 shows the hybrid automaton that represents
the converter is illustrated in Fig. 4.
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Fig. 5 Hybrid automaton for the ZVS-QR boost converter

B. The Controller

In this application, the control action consists in opening
or closing the power switch Sw. The events generated by
the converter are synchronized with the controller. There
are two operating modes: open and close. The controller
automaton generates two events close_Sw and open_Sw
that are sent to converter automaton. The control law
employed is a standard proportional integral controller
designed to provide the regulation of the output voltage.
The output of the controller (u) is compared to a high fre-
quency triangular carrier signal (r) to provide the pulse
width modulation of the converter. The automaton rep-
resenting the controller is shown in Fig. 6.

r=R=>r=0
Q close_Sw
r>=u
y Sw_Close
; > SwClome ™
- - { f=delta \
: X = Vest - vC1 /
u = Kix + Kp{Vest-vC1) u=Kix + Kp(Vest-vC1) /
S_openSw
r=R=>r=0

Fig. 6 Hybrid automaton for the converter controller

The set of invariant conditions and the flow equations
for the all operation modes are:
Sw_open: Invariant condition: r < u

7 = delta
= Vest —vey
u=K;x+ K,(Vest —vc1)

Sw_close: Invariant condition: r > u

7 = delta
T =Vest —ver
u=K;z+ K,(Vest —vc1)

(8)

The variables Vest, K; and K, represent the desired
output voltage, integral gain and proportional gain, re-
spectively.

The hybrid automata models described above are ready
for analysis and simulation. As said before, there are
some tools developed specially to study hybrid automata,
like SHIFT, CheckMate or Simulink. The program code
for implementing the controller automaton by using the
SHIFT package shown bellow.

type Controller {
state continuous number r,
X,
u;
//**** Variables from Circuit automaton
input continuous number vCi;

state mumber Ki, Kp, R,
//*%*+ Discrete states

delta, Vest;

discrete
Sw_open {
r’ = delta;
x? = Vest - vCi;

u=Ki* x + Kp * (Vest-vC1);
} invariant (r < u),
Sw_close {
r’ = delta;
x’ = Vest - vCl1;
u=Ki=* x + Kp * (Vest-v(C1);
} invariant (r > u);
//*%** Synchronization events
export close_Sw,
open_5Sw;
//***x Transitions between discrete events
transition
Sw_open -> Sw_close {close_Sw}
when (r >= u),
Sw_open -> Sw_open {}
when (r = R)
do {
r :=
},
Sw_close -> Sw_open {open_Sw}
vhen (r = R)
do {
r :=

};

0;

765



setup
do {
Vest := global_Vest;
R := global_Ref;
Ki := global_Ki;
Kp := global_Kp;
delta := global_delta;
}

IV. CONCLUSION

It has been shown how to use the hybrid automata
framework to model switching power electronic circuits
with feedback control. In the proposed approach the con-
verter and the controller are represented by different hy-
brid automata and its composition is made by message
synchronization. The hybrid automaton is obtained by
using a top-down approach that is expressed in terms of a
step by step systematic methodology. When constructing
the hybrid automaton of a given power switching circuit,
the designer must express carefully all the details of the
converter behavior in mathematical terms, i.e., invariant,
guard and jumping conditions as well as the relevant state
variables. This exercise forces the designer to deeper his
knowledge about the operation of the converter.

The use of formal tools, like hybrid automata, has not
been exploited by the power electronic specialists. In-
deed, the proposed methodology is a first step toward
the use of formal methods in the field of power electron-
ics. This should allow one to perform formal verification
and express the dynamic properties of the power conver-
sion system using temporal logic that eventually simplify
the description of rather subtle qualitative temporal rela-
tions or interactions between concurrent components that,
are complicated to verify manually. It is our expectation
that filling this gap we are providing a rich field for future
investigations.
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