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Abstract

A bond graph representation of switching devices known for a long time has been a modulated transformer with a mod-
ulus b(t) € {0, 1} ¥V t > 0 in conjunction with a resistor R : R,, accounting for the ON-resistance of a switch considered
non-ideal. Besides other representations, this simple model has been used in bond graphs for simulation of the dynamic
behaviour of hybrid systems. A previous article of the author has proposed to use the transformer—resistor pair in bond
graphs for fault diagnosis in hybrid systems. Advantages are a unique bond graph for all system modes, the application of
the unmodified standard Sequential Causality Assignment Procedure, fixed computational causalities and the derivation
of analytical redundancy relations incorporating ‘Boolean’ transformer moduli so that they hold for all system modes.
Switches temporarily connect and disconnect model parts. As a result, some independent storage elements may tempo-
rarily become dependent, so that the number of state variables is not time-invariant. This article addresses this problem
in the context of modelling and simulation of fault scenarios in hybrid systems. In order to keep time-invariant preferred
integral causality at storage ports, residual sinks previously introduced by the author are used. When two storage ele-
ments become dependent at a switching time instance t;, a residual sink is activated. It enforces that the outputs of two
dependent storage elements become immediately equal by imposing the conjugate3 power variable of appropriate value
on their inputs. The approach is illustrated by the bond graph modelling and simulation of some fault scenarios in a stan-
dard three-phase switched power inverter supplying power into an RL-load in a delta configuration. A well-developed
approach to model-based fault detection and isolation is to evaluate the residual of analytical redundancy relations. In
this article, analytical redundancy relation residuals have been computed numerically by coupling a bond graph of the
faulty system to one of the non-faulty systems by means of residual sinks. The presented approach is not confined to
power electronic systems but can be used for hybrid systems in other domains as well. In further work, the RL-load may
be replaced by a bond graph model of an alternating current motor in order to study the effect of switch failures in the
power inverter on to the dynamic behaviour of the motor.
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Hybrid systems, system mode independent bond graph representation, fault scenarios, residual sinks, fault detection and
isolation, analytical redundancy relation residuals, switched three-phase power inverter
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Hybrid system models transitions during short time intervals is not of rele-
vance for the overall dynamic behaviour of a system.
Hybrid system models encompass dynamic continuous
time system behaviour as well as discrete time, discon-
tinuous events. The abstraction of instantaneous dis-
continuous state transitions entails that:

In the modelling of various engineering systems such
as power electronic systems, devices such as check
valves in hydraulic systems, clutches or physical effects
such as stick-slip effects and stops in mechanical
motion, it is convenient and common to neglect the
short time intervals in which fast transitions from one
system mode to another take place and to use the Bonn-Rhein-Sieg University of Applied Sciences, Germany
abstraction that the change of state happens instanta- .
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model parts are temporarily disconnected and
reconnected, namely, the model structure becomes
system mode dependent;

storage elements may become temporarily depen-
dent, so that the number of state variables is not
time-invariant;

the time instances of discrete events must be deter-
mined during simulation;

numerical integration of ordinary differential equa-
tions (ODEs) may need to be reset at the advent of
a discrete event.

As to simulation, numerical mathematics has con-
tributed differential algebraic equation (DAE) solvers
that enable to automatically locate the time instances
of discrete events and to restart the numerical integra-
tion with proper initial values.

Bond graph representations of hybrid
system models

As bond graph (BG) modelling starts from considering
the exchange of energy between system components
and processes, being time continuous, BGs were ini-
tially confined to the representation of continuous time
models. Causal BGs were mainly developed to have a
software program derive a set of ODEs or DAEs in
order to simulate the dynamic behaviour of a system.
In addition, for a long time, BG representations of
hybrid system models have also been considered, and
various approaches have been reported in the literature
(see, for instance, Borutzky'-).

An early proposal has been made to represent fast
switching elements by means of a modulated transfor-
mer (MTF) controlled by a variable b(¢) € {0,1}V ¢ > 0
(i.e. MTF : b). Depending on the value of the transfor-
mer modulus, model parts linked by such MTFs are
either connected or disconnected. Furthermore, in
power electronics, it has been proposed to approximate
the constitutive characteristic of devices such as diodes
or thyristors by a piecewise linear function that accounts
for the ON-resistance (cf. Figure 1).

Accordingly, switches have been modelled by
means of a transformer modulated by a variable
b(t) € {0,1} VY1 >0 in conjunction with a resistor
R : R,, in fixed conductance causality accounting for a
small resistance in ON-mode® (cf. Figure 5). More
recently, Umarikar introduced so-called switched
power junctions (SPJs).® They may have more than one
bond determining causalities at their ports, but only
one of these bonds is activated at a time by a signal
controlling the junction.

Other approaches to capture the abstraction of
instantaneous state switches in a BG have been the nat-
ural introduction of the ideal switch as another BG ele-
ment” ' or the introduction of junctions that are
controlled by a local automaton.'"'> For BGs with con-
trolled junctions, the notion hybrid bond graph (HBG)
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Figure |. Piecewise linear characteristic of a switching element
accounting for the ON-resistance.

is used in the literature. In BGs using the ideal switch as
another BG element or using controlled junctions, com-
putational causalities are no longer time-invariant but
become dependent on switch states. For n switches in a
model, there are m<2" physically feasible switch state
combinations. Each one constitutes a system mode.
Theoretically, these system modes and their correspond-
ing causal BG model accounting for the dynamic beha-
viour in that system mode can be determined prior to
simulation. During simulation, computation can switch
from the causal BG model of a current system mode to
the model valid for the next system mode.

In a bond graph—based approach to fault detection
and isolation (FDI) in hybrid system models, the
author has used the above MTF—-R pair for modelling
switching devices.' The advantages are that:

a unique BG can be set up that holds for all system
modes;

the standard Sequential Causality Assignment
Procedure (SCAP) can be applied without modifi-
cation resulting in fixed computational causalities;
a single set of model equations as well as equations
for fault indicators valid for all system modes can
be (automatically) derived from the BG.

Clearly, fault indicators should be sensitive to true
faults but robust to parameter uncertainties in order to
avoid missing faults or reporting false alarms to a pro-
cess supervision system. In Borutzky,'® the author has
shown that by coupling a BG to an incremental BG
(Chapter 4 of Borutzky'#), thresholds for fault indica-
tors in hybrid system models can be obtained, which
adapt to system modes and enable robust FDI with
regard to parameter uncertainties. Another approach
has been the use of BGs in the so-called linear transfor-
mation form (LTF) for the same purpose (see, for
instance, Chapter 3 of Borutzky'%).

Residual sinks

Changing switch states in hybrid system models may
entail that the number of state variables of a hybrid
system model is not a static invariant but may change
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from one system mode to another. This means that in a
BG representation of a hybrid model, causality at some
storage ports may change from integral to derivative
causality. Preferred integral causality may be preserved
by using artificial so-called residual sinks introduced by
the author.'> Depending on its type, a residual sink
imposes either an effort or a flow on two dependent
storage elements, so that their output variables become
equal. As a result, the underlying mathematical models
become a DAE system because there is no ODE for the
outputs of the residual sinks but algebraic constraints
for the output variables of some storage elements.

In a hybrid system BG, residual sinks must be acti-
vated whenever a system mode change happens and
causes two storage elements to become dependent. This
can be achieved by a ‘Boolean’ controlled transformer
as depicted in the BG fragment of Figure 2. As to the
numerical computation of the dynamic behaviour, this
means that numerical integration must be re-initialised
at the switching time instant when the residual sink is
activated. The outputs of two storage elements becom-
ing dependent jump to a common value, and integra-
tion restarts from this value.

In the following, the approach to BG model-based
FDI of hybrid systems proposed in Borutzky' is
extended by combining it with the use of residual sinks
accounting for a system mode—dependent number of
state variables and allowing for keeping fixed preferred
integral causality. This extended approach is illustrated
by a case study considering various fault scenarios in a
switching three-phase power inverter supplying power
to a delta RL-load.

Switched three-phase power inverter

Figure 3 shows a circuit schematic of a switched
three-phase power inverter that supplies power to a

I1:14 I: Lo

MTF : b(t) € {0,1}

I

rSe

Figure 2. Residual effort sink rSe enforcing a common flow for
two I-storage elements.

three-phase RL-load in a delta configuration. The control
voltages U; at the transistor bases B; (i =1, ...,6) are
provided according to a six-step inverter modulation pol-
icy. Control signals U, U, and Us are sinusoidal wave-
forms with negative values set to zero and positive values
set to one and with a phase displacement of 120° between
them. The remaining control signals are Us =1 Uj,
Us=1 U,and Us =1 Us, respectively.

In Junco et al.'®and in Chapter 8 of Borutzky,'
Junco et al. use this power electronic system as an
example for the application of their implementation of
the non-standard SPJs® in the modelling language of
the 20-sim software.'” In their model used for simulat-
ing the dynamic behaviour of the healthy system, they
represent the transistor-diode pair in each inverter
half-bridge by means of an SPJ assuming this pair can
be considered an ideal switch.

Bond graph model of the power inverter

In this article, the transistor—diode pairs are modelled
as non-ideal switches with an ON-resistance R,,. Their
BG representation is an MTF : m with a modulus
m(t) € {0,1} V¢ >0 in conjunction with a resistor
R : R,,. Figures 4 and 5 show a BG of the three-phase
inverter. Computational causalities in this BG are fixed
for all system modes due to the fixed conductance caus-
ality of the switch resistors. The three half-bridges of
the inverter are indexed as «, b and ¢, respectively.
Furthermore, an index p relates to the upper switch of
a half-bridge, while an index n indicates the lower
switch. Accordingly, m,, () denotes the transformer
modulus of the upper switch in the half-bridge with the
index ‘a’. The fixed conductance causality of the switch
resistors leads to a causal conflict at the O-junctions
representing the potential of the nodes between upper
and lower switches in a half-bridge.These causal con-
flicts are resolved by adding an auxiliary C-storage ele-
ment to these O-junctions. Equations are derived from
the BG in such a way that their capacitances can be set
to zero. Consequently, the small ON-resistance of the
switches and the small node capacitances do not lead
to small time constants.

Fault scenarios within the power inverter

This article uses this BG model for the study of some
fault scenarios within the power inverter. Under nor-
mal operation, the two switches in one leg commutate
complementarily. That is, if one switch is on, the other
one is off. Due to non-proper functioning of the
switches, 2° theoretical switch state combinations may
be possible. In Welchko et al.,'® the authors consider
fault tolerant inverter topologies used for an alternat-
ing current (AC) motor drive. In their article, they list
the following faults within the power inverter.

1. Single inverter switch short circuit (the lower
switch in a leg is permanently on).
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Figure 3. Circuit schematic of a switched three-phase power inverter.

2. Phase-leg short circuit (both switches in a leg are
permanently on).

3. Single inverter switch open circuit (one switch in a
leg is permanently off).

4. Single-phase open circuit (both switches in a leg
commutate complementarily, but the phase line
between the half-bridge and the AC motor is per-
manently disrupted).

In the following, these fault scenarios are analysed.
The presentation is confined to the consideration of
faults in leg ‘@’. The same considerations apply to the
other two legs.

The BG model of the upper switch of half-bridge ‘@’
(Figure 5) yields for the current i,, through the switch

2
ap

ia -
7 R
ap

(£ V)

Likewise, the current i, through the lower switch of
half-bridge ‘@’ reads

2

i = Do g
(2
R,

Va)

(1)

(2)—

Summation of flows at the O-junction for V, in
Figure 4 gives

CVu =iy + iy 4
2 2

(E V) +
R,, )T R,

ap

E V) i (3)—

Let C, — 0. Then, equation (3) becomes an alge-
braic equation that can be solved for V,. Observing
mi}(l) =mg, (1) € {0, 1}, min(l) = m,, (1) € {0, 1}+and
assuming R,, = R,, = R,, the result is

_ m“p Mg R”

Mg, + my,

n

iy (4)—

a
Mg, + Mg,

Healthy inverter. In case both switches commutate com-
plementarily m,, =1 m,,, that is, in a healthy power
inverter, the equation for the potential V, reads

Vio=0m, VDE R, (5)—

As the ON-resistance R, of the switches in leg ‘@’ is
rather small, the second term in equation (5) may
become negligible, which means that J, basically
switches between + E and FE as to be expected.



Borutzky 1385
Se: E
0
Mg, mbp Me,
Sw lt 1 Sw lt 1 1 7' Sw
la, o o v,
. |
i Ve
¢ i | load
Cy:C t' 0 Cy:C t' 0 C.: I 0 ‘Z/c }
C
Swo— 1 Sw 1 1T —— Sw
ta, _
Mma,, my,, 0 Me,,
Se : —FE
Figure 4. Bond graph of the switched three-phase power inverter.
p, = Ta Re (6)—
Ma, (t) 0F “om, + 1 mg, + 1 “

Co C~—10V,

Figure 5. Bond graph model Sw of a switch considered non-
ideal illustrated for the upper switch in half-bridge ‘a’.

Case |. The lower switch in leg ‘@’ is permanently on

The case of a single inverter switch short circuit, in
which the lower switch is permanently on, can be cap-
tured by letting m,, = m,, = 1. As a result

Case 2. Both switches in leg ‘a’ are permanently on

In case of a phase-leg short circuit, in which both
switches in leg ‘a’ are permanently on, V, becomes

Rq .

7151 (7)<_

V=

Case 3. The lower switch in leg ‘@’ is permanently off

Clearly, in case of a single inverter switch open circuit,
fault (4) is not applicable. If one switch is permanently
off, then m,, = m,, =0 during the time intervals in
which the other still operating switch is also off.
Suppose that the lower switch is permanently off and
while the upper one is functioning. Then

V,=E+ R, (8)—

when the upper switch is on. During this time interval,
this case is identical with the one in which both switches
commutate complementarily. However, when the upper
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switch Sw,, is off, then the node with the potential V, is
not connected to the node supplying the voltage + E.
As its capacitance C, to ground is neglected, there is no
current i, on phase line ‘@’ and V, = E. That is, V, does
not switch between values + E and FE but retains the
value + E. Furthermore, if the delta network of the
RL-load is converted into a BG, then causality assign-
ment results in integral causality for the /-elements of all
inductors. However, i, = 0 periodically for a time inter-
val means that two inductor currents must be equal,
that is, one /-element becomes dependent temporarily.

Bond graph model of the RL-load

Integral causality can be kept for the three /-elements in
the model of the RL-load regardless of the state of
switch Sw,, by adding a residual effort sink as proposed
in equation (15) and as shown in Figure 6. The artificial
effort sink enforces that the two inductor currents iy,
and iz, become equal when switch Sw,, is off and thus
accounts for the temporary decrease of the number of
state variables. The moduli of the transformers in the
BG of Figure 6 enable to adapt the model to various
fault situations. In normal operation, one of the two
switches in leg ‘@’ is on, while the other one is off. In this
case,b1 =1 al’ldb2 = b3 :b4 :b5 :b6 =0.

1. The lower switch in leg ‘@’ is permanently on:
b1 :1andb2:b3:b4:b5:b620.

2. Both switches in leg ‘@’ are permanently on: b; = 1
andb2:b3:b4:b5:b620.

E :Se Se:—F

JZ load

1/b2:MTF MTF:1/b3

rSe
A
. 10, Y 105
- | MTF I 1} MTF | 0

la
1/b 6 Vv b4
MIF ——— YV MmrF
-F R, : R/ 0

MSe:%(VbJer)JE
Lo:1 | 1} 0

. Ioh/\ 11
N

I:Lb RZRLb

Vi

Ve

ic

Figure 6. Bond graph of the three-phase RL-load in delta
configuration accounting for a temporary decrease of states.

3. The lower switch in leg ‘@’ is permanently off:
bl = 0, bz = l, b3 = O, b4 =1 Wlap and
b5 = b6 =0.

4. Both switches in leg ‘@’ commutate complementa-
rily, but line ‘@’ to the load is permanently dis-
rupted: by =0, by, = b3 =0and by = bs = bg = 1.

Case 3. The lower switch in leg ‘a’ is permanently off
The effort necessary to temporarily enforce that

ir, = ir, when both switches in leg ‘a’ are off can be
deduced by summing efforts at 1-junctions 1; and 1,

E Vb RL,/Z.LU A= Vc E RL,I.LA + A (9)H
Hence
1
A=E S(Vp+ Vo) (10)—

In case the lower switch in leg ‘@’ is permanently off
while the upper one is functioning, then the currents iy,
and iy, jump to a common value i; when the upper
switch opens so that i, = 0. Let ¢, denote the time
instant of such a switching event and 8 the magnitude
of the jump. Then

ir,(to) 8 =1i(t,) & =1 (1)
Thus
6= 1[iLL.(to) ir,(t) (12)—

2

This jump at time instances 7, means that the numer-
ical integration of the model equations must be re-
initialised at #,. When the upper switch abruptly closes
at time instances 7., then both currents iy, and iz, start
from their common value.

Case 4. Both switches commutate, but line ‘@’ is perma-
nently disrupted

In this case, the inductor currents iz, and iy, are perma-
nently equal. Accordingly, the residual sink must be
switched on permanently, that is, b4 = 1, while the other
transformer moduli vanish. The potential V' is unknown.
However, summation of efforts at 1-junctions 1; and 1,
yields the following

d
0=V Ry, LaEiLu Vy A (13)«—
. d .
0=, RL,,ZL,, L(‘EIL« V+A (l4)<—

It is assumed that R;, = R, and L, = L.. Then, the
equality of the two inductor currents i;, and iy,
enforced by the residual effort sink rSe : A gives

1
VoA= S0tV (15)«
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It is this difference that is needed to compute the
right-hand side of the ODEs for the inductor currents
iLa and l'L(‘.

Equations of the RL-load accounting for all modes. It is
straightforward to derive the equations for the RL-load
from the BG in Figure 6

V=>0bV,+ bE bE+ bsh +bsi(V, + Vo) (16)
%Q” = LLG[V Rii. Vi, ba) (17)—
d . 1 .

i L—b[Vb Ry i, Ve (18)«
d . 1 .

EZL, = E[VC Rpip, V+ b (19)—
g = i1, I, (20)«
iy =i, L (21)—
e =i, I, (22)«

Simulation results

The equations derived from the BG of the power inverter
connected to a delta RL-load have been implemented in
the Scilab script language.'” The above-considered fault
scenarios have been simulated. In the following, some of
the results are presented. Faulty variables are discrimi-
nated from their counterparts in the healthy system by a
tilde. In subsequent figures displaying simulation results,
the tilde is expressed by prefixing a variable name by the
letter ¢, for example, iy, = tir,.

Fault scenario |I: the lower switch in leg ‘a’ is permanently
on. In this case, the mathematical model to be solved is
simply a set of three linear ODEs for the three inductor
currents being the state variables. Figure 7 shows that
the permanently closure of the lower switch leads to
reduced values of the current i, when the upper switch
is on (m,, = 1). Figure 8 displays the time history of
the load currents iz, and i; . The load current iz, is not
affected by this fault. However, the load current ij, is
affected and because of the nodicity property of the
delta network

Currents 1, and ti, (A)
|

0.05 0.
time (s)

Figure 7. Currents i, and iq in case the lower switch Sq, is
permanently on.

Currents iLC and tig (A)
' ' '

-5 . . . . " . .
0.00 001 002 003 004 005 006 007 008 009 0.10
time (s)

Figure 8. Load currents i;_and i, in case the lower switch S,
is permanently on.

Currents iLa and tir, (&)

-5 T T T T T T T T T d
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

Figure 9. Load currents i, and i, in case the lower switch S,
is permanently on.

iL“ + l.L]7 + l.L(‘ =0 (23)<—
not directly displayed by the BG of the RL-load, the
remaining load current i;, must also be affected as
shown in Figure 9.

Fault scenario 3: the lower switch in leg ‘a’ is permanently
off. In this case, line ‘a’ is disconnected from the voltage
supply +E when the upper switch S, is off, that is,
the current on line ‘@’ vanishes, i, = 0. Consequently,
the two load currents 77, and i;, must be equal. While
keeping integral causality at the two /I-elements /: L,
and /: L. providing these currents, their equality is
enforced by the residual effort sink rSe:A.
Accordingly, Figure 10 shows that, in this case, i, =0
when m,, = 0. Figure 11 clearly shows that the two
load currents iy and i, jump to a joint value whenever
the upper switch S,, opens. As long as the switch is
open, both currents are equal so that i, = 0.

Figure 11 shows that the jump happens at 7o = T/2
=0.0ls and that i, ~0.5A and 4.8A.

i~
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Figure 10. Line currents i; and iq in case the lower switch Sa,
is permanently off.

Figure 12. DCC-link currents I¢c and Icc in case the lower
switch S, is permanently off.

Currents tlLa and tch (A)

T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

Figure 1. Load currents i, and ii_in case the lower switch
Sq, is permanently off.

According to equation (12), § =( 4.8 0.5)/2=
2.65A. Hence, the joint value of the two currents at
tois iy =i, +8= 2.65+05= 2.15A in agree-
ment with Figure 11.
Clearly, a permanently open lower switch S, also

affects the direct current (DC)-link current /¢c.

iCC = 17”]7 + lT;,p + ;(l’ (24)—

= Mgyl + mp,ip + me, i

The current through one of the upper switches is dif-
ferent from zero only if the switch is on. In the healthy
inverter, the lower switch then is off, that is, the current
through an upper switch equals the current on the line
connecting the half-bridge to the load. In the fault sce-
nario under consideration, the lower switch Sw,, is per-
manently off. As can be seen from Figure 12, the
disturbed DC-link current /o¢ deviates from the non-
faulty one, I¢¢, during those time intervals in which the
upper switch is off (m,, = 0), that is, when leg ‘a’ does
not contribute any current.

% 6-. I l , \ ' \ ’ l ’ \

S | /] | I

I 1 ﬂ\tllu N[ l. \ /

e O TELT 1/ VA IV

ST T T

g | I v\ |

5 6 | / ‘ \ / ) | /

5 [, \ / \ b \

° \ i \ I
_wo.oo 0.'01 o.'02 o.'o3 0.'04 o.'05 0.’06 0.'07 0.'08 0.'09 0.'10

Time (s)

Figure 13. Currents ig, iz and i, in case line ‘a’ is disrupted.

Fault scenario 4: both switches commutate complementarily,
line ‘a’ is disrupted from the load. At t =0, the upper
switch Sw,, is closed. It is assumed that line ‘@’ is
permanently disrupted shortly afterwards, that is,
i, =0 for +>0. This means that the residual effort
source rSe:A must permanently enforce i, =iy, .
Furthermore, though the switches in leg ‘a’” commu-
tate, there is no connection of this leg to the load.
Hence

fec = igy + ipy i . (25)—
= mg, X0 + myp iy + me,i.

Accordingly, Figure 13 displays the time evolution of
the currents i, i, and fLa. Figure 14 depicts the DC-
link currents Ic¢ and Icc. As the current i, on line ‘@’
is permanently zero, the time evolution of the dis-
turbed DC-link current I¢c clearly differs from the
one in the previous case in which leg ‘@’ is temporarily
disconnected from the load whenever the upper switch
Swy, is off (Figure 12).
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DCC-1link currents ICC and tICC (A)

-2 T T T T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

Figure 14. DCC-link currents I¢c and TCC in case line ‘d’ is
disrupted.

Fault indicators

The previous sections consider some fault scenarios
within the power inverter. Simulation runs show their
effect on the RL-load. For the supervision of a real sys-
tem, it is of fundamental importance to conclude from
data taken by sensors whether a fault has happened
and to locate the malfunctioning.

Analytical redundancy relations. As to a BG model-based
approach to FDI, it is well known that fault detections
can be obtained from balances of power variables at
junctions. If the constitutive equations of elements in a
BG model permit to eliminate unknown variables from
the balance of power variables at a junction, then the
result is a constraint between known input and mea-
sured output variables known as analytical redundancy
relation (ARR). Numerical evaluation of an ARR pro-
duces a value termed residual. Ideally, it is equal to
zero at any time instant. However, input disturbances,
measurement noise, parameter uncertainties and
numerical inaccuracies may lead to values different
from zero. As long as they are within certain bounds,
no fault has happened. In other words, if values signifi-
cantly exceeds given thresholds in a time interval, then
this is an indication that a fault has happened, that is,
ARR residuals can serve as fault indicators. For hybrid
systems, the dynamic behaviour in one system mode
may be very different from the one in another mode.
Therefore, it is important to determine system mode—
dependent thresholds in order to avoid false fault
alarms or to avoid missing true faults."?

Fault signature matrices. If unknowns in the balances of
power variables at junctions can be eliminated, then the
information which system component contributes to
which ARR is usually captured in a structural fault sig-
nature matrix (FSM) with rows indicating components
and columns indicating ARRs. If the ith component

contributes to the jth ARR, then this is indicated by a
matrix entry ‘1’ at position (7, /), if not by ‘0’. From the
structure of such a binary FSM, it can be deduced
whether a fault can be detected and, moreover, whether
it can be isolated (see, for instance, Borutzky® and
Samantaray and Ould Bouamama®’). The structural
information presented in an FSM can also be obtained
directly from a causal diagnostic bond graph (DBG) by
following causal paths from known inputs to virtual
detectors of ARR residuals.”’ Moreover, software such
as SYMBOLS?' or Model Builder* can automatically
generate ARRs in a symbolic form.

Numerical computation of ARRs. An advantage of a BG
model-based approach to FDI is that numerical model
computation can produce the time evolution of such
residuals even when unknowns cannot be eliminated
analytically."**** One way to numerically compute the
residuals is to feed measured variables from a real
process (online simulation) or provided by computa-
tion of a behavioural model of the real process (off-
line simulation) into a DBG with storage elements in
preferred derivative causality and virtual detectors for
the residuals.?> Another approach proposed by the
author is to couple a behavioural BG model of the
process subject to faults to a BG of the non-faulty
process by means of residual sinks. Their input is the
difference of the power variables of corresponding
junctions in the two BGs. Their output is such that
the difference becomes zero and is imposed on the
junction in the BG of the non-faulty system. As a
result, the non-faulty system adapts its behaviour to
one of the faulty systems. The outputs of the residual
sinks coupling the two models are just the residuals
to be determined."?* In the following, the latter
approach is used for computing the residuals in two
of the above-considered fault scenarios.

Fault scenario 4. Both switches commutate complementa-
rily, line ‘@’ is disrupted from the load

The disruption of line ‘@’ is assumed to happen at time
instant 7,, that is, the current 7, vanishes for 7 > 7,. In
order to ensure that the two inductor currents i;, and
le( are equal for 1> 1, the residual effort sink in the
BG model of the RL-load must be activated at ¢ = 7.
This system mode change is achieved by appropriately
choosing the transformer moduli. Let step(z, )
denote the unit-step function with a jump from zero to
one att = t;. Then, by = 1 step(s, t1), by = step(t, 1),
b3 = 0 and b4 = step(z, ¢1). Hence, the models of the
faulty and the non-faulty systems are quite different
fort > 1.

It is assumed that the currents i = Ic¢ through the
voltage source Se: + E, the current i, on line ‘¢’ and
the inductor current iz, have been ‘measured’. As can
be seen from Figure 15, the BGs of the faulty system
and the non-faulty one are coupled by a residual effort
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Figure 15. Coupling of a bond graph of the faulty system
(lower part) to a bond graph of the non-faulty system (upper
part) by means of residual effort sinks.

sink that enforces i, = i,. Another residual effort sink
ensures that iy, =iz,. A third residual effort sink is
used to adapt the DC-link current I¢c.

The mathematical model that can be derived
from the coupled BGs is clearly a DAE system.
Approximating the function of the coupling residual
effort sinks by a pair of an artificial C element and an
artificial resistor results in an ODE system. The fol-
lowing results of a Scilab simulation run clearly show
that due to the coupling of the two models, the non-
faulty system indeed adapts its behaviour to the faulty
one for ¢ > t; = 0.05s (Figures 16—18). Accordingly,
this system mode change is reflected by the time evo-
lution of the residuals (Figures 19-21).Besides the
finite Dirac pulses at switching times, the values of
the residuals are clearly out of any small bounds indi-
cating that a fault has happened for ¢ > ¢,.

Fault scenario 2. Both switches in leg ‘a” are permanently
on

In this case, lines ¢, b and ¢ permanently connect the
power inverter to the RL-load. The three /-storage ele-
ments of the load model are independent, so that the
residual effort sink in the load model is not needed.

(a)

Current i1
a

-10 i t t t , t + t " i
0.00 0b1 002 003 004 005 006 007 008 0.09 0.10

Time (s)

Figure 16. Line currenti, in case line ‘@’ is disrupted for
t>0.05s.

4

o N
| !

Current 1 (A)
L
c
.
N
1

-4

'
'
y y
t t t t t + t +
0.00 0.01 0.02 003 0.04 0.08 0.08 007 o.o8 0.
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Figure 17. Inductor current i, in case line ‘a’ is disrupted for
t>0.05s.

1 ; f ; f 1 f ; f !
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Figure 18. DC-link current Icc in case line ‘a’ is disrupted for
t>0.05s.
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which in turn

V, according to equation (7),

permanently on for t > 0.05s.

. This

is confirmed by the simulation results depicted in

and iy,

a

has an impact on the inductor currents i,

24 show the time the healthy system model adapts its behaviour to the
faulty one.

25,
evolution of the residuals r;, r, and r; enforcing that

Figures 22 and 23. Figures 26,
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Figure 25. Residual r; in case both switches in leg ‘a’ are
permanently on for t > 0.05s.
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Figure 26. Residual r| in case both switches in leg ‘a’ are
permanently on for t > 0.05s.

Conclusion

This article shows that the modelling of switching
devices by means of a transformer—resistor pair can
well be combined with the use of residual sinks in an
approach to BG model-based FDI of switched power
electronic systems that has the following features:

one single BG for all system modes;

no non-standard BG elements;

application of the unmodified standard SCAP;
time-invariant preferred integral causality;

one set of ARRSs for all system modes.

In case the outputs of residual sinks cannot analyti-
cally be determined, they can be computed numerically
as components of the descriptor vector of a DAE sys-
tem. The simulation of fault scenarios requires a
numerical solver with the capability of resetting the
integration at switching times.

The study of faults in a three-phase switching power
inverter in this article can be extended by considering

further fault situations not addressed due to the lack of
space. Furthermore, the study may be continued by
replacing the model of the RL-load by a model of an
AC motor. The power inverter is a standard subsystem
of practical relevance, but the presented approach is
not confined to power electronic systems and can be
used for hybrid systems in other domains as well.

Transformers with ‘Boolean’ modulus accounting
for system mode changes used in this approach, or ideal
switches or controlled junctions in other approaches,
temporarily disconnect and reconnect causal paths
between elements. Therefore, continuation of this work
will also address structural controllability and struc-
tural observability in hybrid systems.
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Appendix |

Notation

a, b, c indices

C capacitance

D diode

Df flow detector

E voltage supply

L self-inductance

m(1) transformer modulus m(z) € {0, 1}

my, (1) transformer modulus of the upper switch
of the half-bridge with the index a

n index indicating the lower switch of a half-
bridge

P index indicating the upper switch of a
half-bridge

0, transistor i of the power inverter

I residual i

R resistance

R, resistance of a switch in ON-mode

rSe residual effort sink

Sw switch

Swy, upper switch in the half-bridge with the
index a

t time

Ui(t) control voltage at the base of transistor Q;

V voltage

A output of a residual effort sink

Parameters of the switched three-phase power
inverter with RL-load

// Control signals

omega =314.159; // [rad/s] =2*%pi/T; T=0.02 [s]
phasel=0.0;

phase2=4.1888; //=240°

phase3=2.0944; //=120°

maximum=1.0;

minimum=0.0;

// Voltage supply
E=25; // [V]

// Delta RL-1load:

RLa=10; // [Ohm]
RLb=RLa;

RLc =RLa;

La=0.015; // [H]

Lb=La;
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