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Abstract

Analytical redundancy relations are fundamental in model-based fault detection and isolation. Their numerical evaluation
yields a residual that may serve as a fault indicator. Considering switching linear time-invariant system models that use
ideal switches, it is shown that analytical redundancy relations can be systematically deduced from a diagnostic bond
graph with fixed causalities that hold for all modes of operation. Moreover, as to a faultless system, the presented bond
graph—based approach enables to deduce a unique implicit state equation with coefficients that are functions of the dis-
crete switch states. Devices or phenomena with fast state transitions, for example, electronic diodes and transistors,
clutches, or hard mechanical stops are often represented by ideal switches which give rise to variable causalities.
However, in the presented approach, fixed causalities are assigned only once to a diagnostic bond graph. That is, causal
strokes at switch ports in the diagnostic bond graph reflect only the switch-state configuration in a specific system mode.
The actual discrete switch states are implicitly taken into account by the discrete values of the switch moduli. The pre-
sented approach starts from a diagnostic bond graph with fixed causalities and from a partitioning of the bond graph junc-
tion structure and systematically deduces a set of equations that determines the wanted residuals. Elimination steps
result in analytical redundancy relations in which the states of the storage elements and the outputs of the ideal switches
are unknowns. For the later two unknowns, the approach produces an implicit differential algebraic equations system.
For illustration of the general matrix-based approach, an electromechanical system and two small electronic circuits are
considered. Their equations are directly derived from a diagnostic bond graph by following causal paths and are reformu-
lated so that they conform with the matrix equations obtained by the formal approach based on a partitioning of the
bond graph junction structure. For one of the three mode-switching examples, a fault scenario has been simulated.
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Fault detection and isolation, mode-switching linear time-invariant models, ideal switches, diagnostic bond graphs, fixed
causalities generation of analytical redundancy relations, mode-dependent implicit state space model
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Introduction equation from a BG of a switching linear time-invariant
(LTI) model for a reference mode. Equations for any
other mode of operation are deduced from the set of
equations for the reference mode.” Margetts* also fol-
lows the variable causality approach but uses controlled
junctions introduced by Mosterman,® marks causalities
in the BG that change due to switch state changes by
additional dashed causal strokes that indicate the causal

In the beginning, bond graph (BG) modelling was mainly
confined to continuous time models for the purpose of
an analysis or a simulation of engineering systems. In the
course of the last two decades, the BG methodology was
extended to also capture hybrid models.

Stromberg et al.' extended the small set of funda-
mental BG elements by introducing the ideal switch as
another basic BG element accepting that computational
causalities at least in some parts of a BG become mode-  Bonn-Rhein-Sieg University of Applied Sciences, Sankt Augustin, Germany
dependent. To compensate for causality changes, .
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Figure 1. Block diagram of a general bond graph.

configuration after the commutation of some switches
and distinguishes between static and dynamic causal-
ities. Other than Buisson et al., she derives a single
implicit state equation for all modes of operation.

Ensuing, various publications have demonstrated
that BGs can also serve model-based fault detection
and isolation (FDI).® The main contribution of BGs to
model-based FDI is that analytical redundancy rela-
tions (ARRs) can be systematically deduced from a
diagnostic bond graph (DBG) with detectors in inverted
causality and storage elements in derivative causality.’
The numerical evaluation of ARRs provides fault indi-
cators, and their structure enables to detect possible
fault candidates. ARRs are also a possible basis for
model-based failure prognosis.®*

The next step during the last years has been to
apply BG model-based FDI to hybrid models.'®!! In
Wang et al.,'" ideal switching is captured by controlled
junctions, while the literature'™'*'"* uses non-ideal
switches, so that causalities remain fixed, that is, mode-
independent.

This article shows that a set of ARRs as well as a set
of unique implicit state equations can be deduced from
a DBG with fixed causalities of a switching LTI system
model. The coefficients in both sets of equations are
functions of the discrete switch states. Switching devices
are taken into account by ideal switches. Ideal switches
entail variable causality, at least locally. Nevertheless,
fixed causalities are assigned only once so that a DBG
is obtained. As to the causalities at switch ports, the BG
reflects only a specific configuration of switch states,
that is, a single system mode of operation. From such a
DBG with fixed causalities, a unique set of ARRs
including discrete switch states is derived. The result is
obtained using an implicit equation for the commuta-
tion of switches and by disregarding the causal strokes
switch ports have got by the causality assignment. The
ARRs are given implicitly. In order to evaluate them,
first, an algebraic or a differential algebraic equations
(DAE) system must be solved. This also applies to time

continuous models in case non-linear constitutive ele-
ment equations prevent the elimination of unknowns.

As to continuous time models, Ould Bouamama
et al.'"* presented a procedure for the systematic deriva-
tion of ARRs from a BG, and a module of the model-
ling and simulation software environment Symbols'
supports their generation.'® To the best knowledge of
the author, a systematic generation of a single set of
ARRs for all modes of operation from a DBG with
fixed causalities of a hybrid model using ideal switches
hasn’t been reported in the literature.

As in Buisson et al.,” the general matrix-based equa-
tions formulation starts from the well-known block
diagram of a general BG extended by a field of ideal
switches and a partitioning of the junction structure
(JS) matrix. Equations obtained from the partitioning
of the JS matrix are reformulated so that the outputs of
the JS into the switch field can be inserted into the
implicit switch equation resulting in an implicit ordi-
nary differential equation (ODE) for the states of the
storage elements. The formal approach is illustrated by
three small example systems. Each of them is character-
ized by a particular feature.

Formal matrix-based approach

This article confines to mode-switching LTI models as
a subset of general (non-linear) hybrid system
models. As in Buisson et al..® the general matrix-based
equations formulation starts from the well-known
block diagram of a general BG extended by a field of
ideal switches and adds a field of inverted detectors
(Figure 1). The grouping of elements into fields results
in a partitioning of the JS matrix. Equation (1) obtained
from the partitioning of the JS matrix is reformulated
so that the outputs of the JS into the switch field can be
inserted into an implicit switch equation. The result is
an implicit equation in which the outputs of the depen-
dent storage elements x,; and the output of the switches
T; into the JS are the unknowns. Accounting for the
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field of storage elements, a second equation for these
two unknowns can be set up. Both equations can be
combined into a DAE for x; and T;. As a final result,
implicitly given ARRs are obtained that relate known
system inputs #, measured output signals v/, x4, and T;.
Coefficients in the DAE system and in the ARRs are
mode-dependent. The following sections present the

steps of the outlined procedure.

Block diagram of a general BG extended by a field of
switches and a field of inverted detectors

In this article, a DBG is used to set up ARRs for a
switched linear system. As sensors provide measured
signals, detectors in a DBG are in inverted causality.
They deliver known signals into the model which are
either efforts or flows. Following the notation used, for
example, in Merzouki et al.'” and Touati et al.,'® effort
detectors De : ¢™ are replaced by a signal source
SSe : ¢” and flow detectors De : f by a signal source
SSf: /. All such measured signals into the DBG are
collected into a vector v)'. Power variables at junctions
with a detector attached are summed up, which yields a
residual that is close to zero when the engineering sys-
tem is faultless. Otherwise, the input into a detector is a
residual that is significantly different from zero and
thus may serve as a fault indicator. All residuals are
composed into a vector r. Switches may be controlled
such as transistors or commutate autonomously such as
diodes. The external signals affecting the discrete state
of the controlled switches are collected into a function
o (1). All n, discrete switch states m;(1), i =1, ..., ny, are
collected into a vector m(f). Between two consecutive
discrete switching events, switch states are constant. In
a mode of operation, the continuous state of the system
changes with time.

All storage elements in the DBG may take derivative
causality. If the assignment of derivative causality
results in a causal conflict, that is, a storage element
cannot accept derivative causality, then a remedy may
be to add another sensor if a measurement at the
desired location is physically possible. For a beha-
vioural linear BG model with storages in preferred inte-
gral causality and some storage elements retaining
derivative causality, Rosenberg'® has shown that the
state variables of the dependent storages can be elimi-
nated. Accordingly, for DBGs with storage elements in
preferred derivative causality and a minimum number
of storages in integral causality, the state variables of
the latter ones can be eliminated. Therefore, it can be
justified to assume that all storage elements in the
DBG of a linear model are in derivative causality. The
assumption makes the subsequent matrix-based
approach more concise.

Setting up ARRs

The grouping of elements into fields is expressed by
equation (1)

o
X; Sit | Si2 | Si3 | Sis |Si5 S| | .

X4
24 —ST | S» [ Sy | Su |Sss | S

D;
D,| =|-SL|-S5 [ S | S [Sss|Sx T
T, —ST, | =8I, |-ST, | Sas |Sus | S Y
r —S{s | =SJ5 |—Sis |—Sis | Sss | Sse "

LVs |

(1)

Because of the assumption that there are no storage
elements in integral causality, that is, all storage ele-
ments can take derivative causality in the DBG, the
equations in equation (1) simplify

Za = Su3D; + SouT; + Sosu + SzgvT (2)

D,=—STks + S3D; + Sy T; + Sssu + Szgv”  (3)

TU =— SZT4xd — S3T4D, + S44 T,j + S45ll + S46vf:’ (4)

Accordingly, the equation for the vector of residuals,
r, reads

r=— Sgsifd - S3T5D[ — SZ; T; + Sssu + S56V§n (5)

In equation (5), variables x;, D;, and T; must be
expressed by known signals. The inputs and output of
the resistive field are related by a matrix L

D,‘ = LDO (6)
Substituting equation (6) into equation (3) yields
(I—S33L)D, =— STy + S34T; + Szsu + Szev  (7)

where I denotes an identity matrix of appropriate
dimensions. Assuming that (I — S33L) can be inverted,
then equations (6) and (4), respectively, read

D; = —HSLi, + HSy T, + HS;su + HS;v"  (8)
T, = — (S, — SLHSL)X, + (Ss4s — SL,HS34)T;

+ (Sas — S3HS3s)u + (Sas — SiHS36)v)'
where H: = L(I — Sy3L) ! (H exists in case L is a sym-
metric and positive definite matrix?).

The switches are assumed to be ideal, and their com-

mutation is expressed by an implicit equation that holds

independently of their causality
MT, + MT; = 0 (10)

where M is a diagonal matrix with entries mj; € {1,0},

j=1,...,n,and M := 1 — M.

That is, in the DBG, actual switch states are not
expressed by the causality assigned to switch ports. In
this article, switches are denoted by the often used but
non-standard symbol Sw:m. Their actual state is
accounted for by m € {0, 1}. Actually, the used non-
standard symbol Sw : m is meant to be generic. It may
stand for an ideal switch as well as a non-ideal one. By
the way, the half arrow added to the bonds of a BG
also does not express the actual direction of the power
flow but a reference direction.



698

Proc IMechE Part I: | Systems and Control Engineering 232(6)

The equation of the switches can be used to eliminate
T, in equation (9), which yields an implicit equation for x;
M(S], — S{HS};) ks = [M + M(Sys — S;;HS3)| T
M, M,
+ M(Sss — S,HS35)u
M;

+ M(S46 — SQHS%) Vsl-n

1

My
(11)
This is an equation with the two unknowns x; and T;.
Another equation for these unknowns can be obtained

using the linear constitutive equations of the storage
elements

za = Faxy (12)

where F; is a diagonal matrix in case all storage ele-
ments are one-port elements. Substituting equation (2)
into equation (12), observing equation (8) and differen-
tiating the result with respect to time gives

Fdicd = S23Di + Sz4Ti + stil + S26i’?1
= — Sy;HSL %4 + [Sos + So3sHSw| T
—— —_——
N1 NZ

+ [525 + SQ3HS35] u

—_—
N3

+ [Sz(, + SQ3HS36] l./';n

—_———

Ny

(13)

Equations (11) and (14) constitute a DAE system for
(€7 71" for all modes of operation as the coefficients

of the matrices depend on the discrete switch states
o wJaln) e I
E— = u
N; —N, | dt T; —Fy 0 T; 0
0 } .
u
N3

M4:|vm + [ 0 :|l-’m
0 s N4 s
(15)

Now, assume that the initial configuration of switch
states and T;(0) are known when the monitoring of a
physical system starts. When an industrial system is set
into operation, it is known which sources and which
system components are connected and which ones are
switched off. It is known whether a clutch in an electro-
mechanical drive is engaged or disengaged at start time,
or which transistors in an electronic circuit are closed
and which ones are not when the system is switched on.
For such a known initial switch configuration
T;(0) = 0. Then, equation (11) provides x4(0). With
these initial values equation (15) can be solved, and
finally, an evaluation of equation (5) observing equa-
tion (8) yields the residuals. The numerical

J’_

J’_

computation can be carried out simultaneously with
the measuring of signals as the numerical integration
algorithm using past values from a sliding time window
only needs to perform some few time steps until new
measured values are provided. If a mode change due to
the commutation of some switches is encountered, the
time instant is to be determined and the algorithm
needs a fresh start with new initial conditions.

Unique mode-dependent state equations

In the case of a fault-free system, residuals vanish, that
is, ¥ = 0. Substitution of equation (8) into equation (5)
gives
[S1s — SLHSY] &y = — [Sis + SLHS3] T;
Q Q;
+ [Sss — v1HSss) u
Q;
+ [Ss6 — SLHS36] v
Q

(16)

Equations (11), (14), and (16) constitute an implicit
linear algebraic set of equations with mode-dependent
coefficients from which implicit state equation can be
deduced for all modes of operation

M, M, -M, X4 0
Q Q Q| |Ti|=] 0 [x4
N —N -N n —F
1 2 R d (17)
M3
+ 1 Qs |[u]
N;

lllustrative examples

A software implementation of the general matrix-based
procedure presented in the previous section may be used
to automatically set up mode-dependent ARRs for
large-scale mode-switching LTI models and to obtain
implicit state equations that hold for all modes of opera-
tion. If a model is of moderate size, one can manually
directly derive equations from a DBG by following cau-
sal paths. In the sequel, in order to avoid a handling
with matrices of large dimensions and to keep the pre-
sentation easy to survey, small illustrative examples are
considered. The equations derived from a DBG are
reformulated so that one can see how the matrices in the
general approach actually look like in the examples.

A DC motor drive with a load

Figure 2 shows a diagram of a DC motor that obtains
its input voltage from a buck converter.

The drive includes three switching devices, namely, the
controlled transistor, the autonomously switching diode,
and the mechanical clutch. As in Buisson et al..® all three



Borutzky 699
+
E ‘j[
ground
Figure 2. DC motor drive with a load.
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Figure 3. Diagnostic bond graph of the DC motor drive.
of them are modelled as ideal switches. Figure 3 displays A m m m
. RRy: 1y: r=w—Li=i —Ryi] —u

a DBG of the electromechanical system. : : PR g L — %

Annotated power variables denoting measured (29)
gutan'utlest hca:ry ? ftsupc;:rscrlr.)tt hm. hThlfl' c;tuzal. patg ARRy: 0y: =1 —Cill —i, (30)

etween the two left-side switches highlighted in re _ . I

colour indicates that the port variables of the two ARR3: ls: 73 = kia —p 3 M; N (31)
switches are algebraically dependent. ARRy:  lg:  ra = M3 — ps — Ripaawipyg (32)

Direct deduction of equations. The subsequent equations
are directly read out from the DBG in Figure 3. The
meaning of variables and parameters is indicated by the
DBG

u =E—u (18)

i =iy — i} (19)
ur, = Ry,ig,, (20)
iRLl = l’L”1 (21)

1

ia = Eua (22)
Mg = Rioad®ipaq (23)
w3 =o" — o)., (24)

. d,,

Pr = Llal[‘l (25)
3 =1,0" (26)
P4 = Iloadd’}[gad (27)

i = Ci? 28)

Furthermore, there is a causal path highlighted in
blue colour between the inductor I : L, and the resistor
R : R, of the armature winding, which means that
matrix —SzT3 in equation (1) does not vanish. With the
summation of efforts at junction 14, this causal path
contributes the two equations

. 1 m . m
i, = R—a(uc — P2 — k') (33)
d
)y = L,—1, 34
P2 drl (34)
that can be combined into an ODE for i,
d . . m m
L,— i, + Ryiy = up — kw (35)

dt

By looking at the ARRs, it can be seen that ARR] is
mode-dependent as it depends on u,, which is a port
variable of switch Sw : m,. Residuals ARR3 and ARRy
are also mode-dependent as they do depend on switch
Sw : m5 representing the clutch. In case the clutch is dis-
engaged, clearly, M; = 0, o™ # o]}, ; and residuals r3,
r4 are independent
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— . - m
ry = ki; — I,o

— - m m
Iy = — Ilalldwload - R/deload

When the clutch engages, load I : [,,; and the motor
do have the same measured angular velocity ™. The
discs of the clutch sticking together can be considered
as one rigid body. The two storage elements I : 7,,, and
I: I,,,q are rigidly connected and are thus dependent.
As both sensors measure the same angular velocity, one
of them is redundant and residuals r3, r4 are algebrai-
cally dependent. They are related by the constraint

r3 + rqy = kla - (Im + Iloazl)d)m - Rlaadwm (38)

The case of two storage elements becoming depen-
dent by the closing of a switch will be considered in the
second example. In the following, the study of the elec-
tromechanical drive assumes that the clutch is perma-
nently engaged. That is, o ,= ™. Accordingly,
switch Sw : m3 can be omitted and one detector of the
angular velocity is sufficient. Residual r; then becomes
mode-independent and reads

ry = kig — (I, + ]/oad)(bm — Ripga™ (39)

The two ideal switches Sw : m; and Sw : m; in the
converter model are described by the following two
implicit algebraic equations

0= mu; + myi

40
:I’}’ll(E—l/lz)-i-7771111Ln1 (40)
0 = mpir + mou
L (41)
=my(iy —17) + mauy
Elimination of switch variable i; yields
(mlﬁ’lz + ﬁ’llmz)uz =mmkE + ﬁd]ﬁ’lzi’fl (42)

As the two switches in the buck converter model
commutate oppositely, m, = m; holds so that equation
(42) simplifies to

u, = mnmyE=mkE (43)
and ARR| (29) thus reads
d -m - m
rp=mkE—Li— i — Ry if —u¢ (44)

dt

That is, for this example, the solution of two linear
algebraic equations enables to evaluate the ARRs. This
is also reflected by the causal path highlighted in red
colour in the left part of the DBG. The opposite com-
mutation of the two switches would only reverse the
causal strokes on the causal path between them.

Equations of the matrix-based procedure. In the following,
the above equations directly obtained from the DBG in
Figure 3 are reformulated so that it can be seen of what
form the equations of the matrix-based procedure pre-
sented in the previous section are in this example. First,

reformulation of equations (18) and (19) leads to equa-
tion (4)

u

To S44 Ty' S45
0 0 0 i’Ln‘ (45)
+ up
-1 0 0] |"
N e | (1)
Sys

i
vy

Rewriting equations (20)—(23), equation (35) gives
equation (3)

Pi
i, 0 0 00 0] |p
w | =10 =1 0 0 o] |p
O R 0O 0 0 0 O Da
D, S2T3 q (46)

X4

1o 07T

+lo 1 k||

0 0 1 o™
——— ———

Ss6 vy

Equations (25)-(28) and (34) may be written in the
form

(L 0 0 0 0 [h

0 YL, 0 0 0 ||p

0 0 /L, O 0 | |ps] =

0 0 0 Ul 0 ||p
Lo o o o 1] g

F, Xy

[0 0 0 100

0 1 0| Tug, 00 o [
000 02| i | +]0 0 1w
00 0| | Mg 00 1| o
00 0] 5 01 0]
= il

S Sa6

(47)

The result is equation (13) differentiated with respect
to time. The implicit switch equations read

ny 0 up nm 0 il =0
0 m ) 0 7 up
—— —— —
M T, M T;

+ (48)

Substitution of equation (45) into equation (48) gives
0= (M + MSyy)T; + MSysu + MS46V§n (49)

For this example, equation (11) reduces to an alge-
braic equation for 7;. Furthermore, equation (6) reads
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Figure 5. DBG of the circuit with two capacitors.

D; = diag(Ry, 1/Ry Rioaa) Do (50) 5 =mE—- R k2 (52)

Y L 1,
. P3

With equation (46) into equation (50) and the result p3tpa=k I Rloada (53)
into equation (47), one obtains an ODE for x,. Finally, 7 pa
equation (5) for the residuals reads 0=—- (54)

]m Iload

P
r o 17 - 0 0 07 |p
1
nl =100 {1}+ 00 0 0 —1]|]ps
u
r 0 0|2 —1 =1 0| |ps
M~ ~—— T = .
v sl -s%, q
——
Xq
[0 1 0] [ 10 07 [ur,]
+{1 0 of|ur|+l0 -1 0 i
0 0 0] |wm 0 k —1||Mx
- —— — -
Sss v -85 D;
(51)

Substituting equation (46) into equation (50) and the
result into equation (5) gives the residual vector, r, as a
linear function of 7, x4, and v§.

An all mode implicit state space model. If there is no fault
in the physical system, then the residuals vanish.
Assuming that the clutch is permanently closed, then
neglecting of elements Ry,, C, and L, in the ARRs
leads to the following implicit state space equations

The resulting DAE holds for the two modes of oper-
ation determined by the discrete state m; of the con-
trolled switch Sw : m; and is identical to the one given
in Buisson et al.’ Differentiating equation (54) once
reduces the DAE into an ODE for [p; p;3]. That is, the
resulting DAE system is of index 1.

However, in contrast to the approach in Buisson
et al.,’ the DAE system is not deduced from the state
space model of a reference configuration, but
obtained directly from a single DBG with fixed
causalities.

An ideal switch connecting two capacitors

In this section, it is shown that the presented approach
to the generation of mode-dependent ARRs and a
unique implicit state equation from a fixed-causality
DBG is also applicable to systems in which the closing
of an ideal switch leads to an algebraic dependency
between the states of two storage elements. If this
dependency would be expressed by a change of causal
strokes in a DBG of the system, then one of the two
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Figure 6. Two independent switches.

storage elements would turn from initially assigned
derivative causality into integral causality. In contrast,
the presented approach stays with fixed causalities and
makes use of an implicit equation for the ideal switches
in the model.

As an example, Figure 4 displays the schematic of
the well-known circuit example with two capacitors
in parallel.?’ This example is interesting as a closing
of the ideal switch leads to a higher index problem.
That is, the index of the DAE system is mode-
dependent.

Figure 5 displays a DBG of the circuit in Figure 4.

As can be seen from Figure 5, the two capacitors are
in static derivative causality, and the detectors are in
inverse causality. Accordingly, the output of the switch
is its effort. Whether the switch is on or off is implicitly
taken into account by the value of its discrete state
variable m. Moreover, the causal path Sw: m — C: Cy,
highlighted in red colour, implicitly indicates the depen-
dency between the two capacitors. If the closing of the
switch would be accounted by a change of causal
strokes, then a causal path between the capacitors
would result.

Direct deduction of equations. Inspection of the DBG in
Figure 5 immediately yields the following equations

Isw=—q1 5 (55)
q1 = Ci(tsw + tg¢,) (56)
¢ = Cailg, (57)
o w1

ARR;: 1;: r =R(F-1iy)— R — G

(58)
. . 1 q>

ARR,: 05: = lw - 59
2 3 ) I q2 R Gy ( )

The ideal switch is described by the implicit equation

0 = misy + Musy (60)

Equations of the matrix-based procedure. Reformulation of
equation (55) and substitution into the switch equation
yields

(1 0B = i s - g o)) 2]
N~ —— | {2 N~~~ ~—— C
M sl ~ M T; M Sy6

m
Xq Vs

(61)

Combining equations (56) and (57) gives equation (13)

1/Ci 0 o] 1] ..
. - [uSw]
0 1G] L4 0] L
— =~ 7
Fq X4 Sy
o 11a[n] ©
+ J—
0 1]dr|ug,
S
26

pm
Vs

Equations (61) and (62) may be combined into the

DAE
ke RO F .
bl

In this simple case, substitution of equation (62) into
equation (61) gives an ODE for T;

MSZLF; 'Sy T; — MT; = MSysv" — MSTF, 'Sy
(64)

For m = 0, this ODE reduces to T; = 0 = u,, that
is, the switch is closed. For m = 1, the multiplication of
matrices yields

b M
I — clucz

1Ty = ity = (65)
As the switch is open #' = ¢; = cju.,. Hence, the
result is ugy = u., — U, as to be expected. Finally, refor-

mulation of the ARRs yields
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m

" C o C

AR

~—— —— T; u
r Xgq
~R -1 e
+ (66)
1 -1 /R; uf’l

where R = R| + R».

An all mode implicit state space model. Again, an implicit
DAE with mode-dependent parameters can be obtained
from the ARRSs if the residuals vanish. Reformulation
yields the following unique implicit form for both
modes of operation

B AR A
0 m \:]/2-/ — & (m—%)é a2
q
N |:Rl/ R] fa
0

The differentiation index of equation (67) depends
on mode m. For m = 1 (open switch), the matrix pre-
multiplying ¢ is invertible. In this case, the index is
zero. For m = 0 (closed switch), the second equation is
an algebraic constraint which simply expresses that the
voltage across both capacitors is the same.
Differentiation of this constraint reduces the DAE sys-
tem into an ODE. That is, in this mode, the DAE is of
index 1. The problem in practice is that software such
as OpenModelica does not perform index reduction
during simulation. The computation just fails when the
switch state m becomes zero.

Controlled independent switches

The third example illustrates the application of the
approach to a simple circuit with two controlled inde-
pendent switches. Figure 6 shows the circuit schematic.

Figure 7 displays a DBG with two detectors. The
inverted causalities at the detector ports and the deri-
vative causality at the storage port enforce an effort
out causality at the switch ports independent of their
state.

Summation of efforts at 1-junctions and flows at
0-junctions leads to the following equations

gy, = 1" (68)
r = E— Rii"™ — gy, — e (69)
G =1"—ig, (70)
Ue = Roigy, + ttgy, + " (71)

The switches are described by the implicit equation

0 _ m 0 Ugw, + my 0 isw]
0 0 myp Usw, 0 my isw;
T ———— ~———— e

T; M T,
(72)

Reformulation of equations (68) and (70) gives

X,
T S ¢ S, v
0 — s
24 46

(73)

Substituting equation (73) into equation (72) yields

MSZx; = — MT; + MSyev™ (74)

The state equation of the capacitor gives

n‘dqu = (my — myRy)ugy, + mou™ (75)
or

N _ - .

my—Xq = [0 (my — maRy)|T; + [0 1] (76)

Finally, the equations for the residuals read
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USw R1 R2

m rm
uc, Ci m I3

(a)

Fou Sw C2

T S

R3

m -m
C; uc, %) m

(b)

Figure 8. Dependency graph for residuals r|, r, of the second example: (a) residual r; and (b) residual r,.

ri —Rl . -1 -1 Ugy,
= [4] +
ry -1 | <~ 0 0 Uy,
\‘,—/ X HT’_/

0 —R —1 i (77)
+ E] +
1|~~~ -1 —1/Rs] [u"
u ——

mn
&

In the case of a fault-free circuit, one obtains the fol-
lowing state equation

C] = l.swl - l.:wz = [1 - I]To

_ m ( Q)
=" (g1
m Ry —m C

_ " 4
I’I/IQ(RZ + R3) — I’}_’lz C

(78)

which is valid for all four switch-state configurations.
If both switches are open (m1; = my = 0), equation (78)
correctly yields ¢ = 0.

Structural fault signature matrix

A structural fault signature matrix (FSM) reflects the
dependency of ARRs from component parameters. If a
residual r; (column i of a FSM) exceeds a mode-
dependent fault threshold thr}, where j denotes the
mode, then a fault is detected in that mode and at least
one of the parameters included in the ARR taken into
account in one row of the FSM is a fault candidate.
For the circuit in Figure 4, residual r; reads

1= — Uy — u’gz — Ry + R F (79)
(cf. equation (66)). Substituting equation (56) into
equation (55) and the result into the implicit switch

equation (60) gives an implicit ODE for g,

mClilsy — Musy = miy —mCiig, (80)
Residual r, reads

— . -m -m ~m 1 m
ry = — (Chtisy + tig,) — Cottg, + iy’ — R_3”Cz (81)

Table 1 shows the FSM for the second example.
The two additional columns on the right side of the
table hold further information. Entries in the last but

Table |. Structural fault signature matrix of the circuit with two
parallel capacitors and sensors Df : i and De : ug, (Figure 4).

ARR| ARR; D

Component

R : R |
R:R; |
C: C| |
Sw:m |
C: G 0
R: R3 0
Sf:F |
Sensor of iJf |
Sensor of u?z |

——0o————0o0o

[eNeoNeoNoNoNoNoNoNo]

one column indicate the detectability of a fault. The last
column keeps record of the isolability of a fault. As can
be seen, all potential faults can be detected, but none,
except a faulty capacitance, can be isolated with the
given sensors. The last three rows of the FSM may be
omitted if the current source Sf': F and the sensors can
be assumed to be fault free.

In the presented approach, the vector of residuals, r,
depends on x,, T; which are given by a DAE (cf. equa-
tion (15)). Accordingly, to set up an FSM, equations of
the residuals and the DAE system are to be inspected
with regard to parameters and measured variables (sen-
sor outputs). Dependencies may be captured in a depen-
dency graph. Figure 8 displays the dependency graphs
for residuals ry, 1, (cf. Figure 5).

Non-ideal switches

A slight modification of the implicit equation of an
ideal switch allows to apply the approach presented in
section ‘Formal matrix-based approach’ in the case that
some of the switches in a model are to be considered
non-ideal. For these switches, the plus sign in equation
(60) is replaced by a minus sign and their discrete state
is allowed to take values ¢ or 1 — ¢, where 0 < e < 1.
Let m be the discrete state of an ideal diode. Then, the

diode’s static characteristic can be described as
mup — (1 —m)ip =0 (82)

or
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up = 1—m in (83) Table 2. Parameters of the circuit in Figure 4.
m
— R( Parameter Value Units Meaning
:R(m)
For m = ¢ (open switch), R(m) = (1 —¢)/e takes a F 5.0 mA Current source
hi ) _ . . Ri, Ry, R3 1.0 kQ Resistances
igh value; for m =1 —¢ (open switch), R(m) is of .
: C,G 1.0 WwF Capacitances
small value. In DBGs, switches may be denoted by the ¢, 20 ms Switch closes
non-standard symbol Sw :m regardless whether they 4 4.0 ms Switch reopens
are ideal, or non-ideal. t3 1.0 ms Capacitance C; drops to half

Single fault scenario

In an off-line simulation of a fault scenario, the physi-
cal system is replaced by a model. As has been shown
in the previous sections, for linear models with ideal
switches, a unique DAE system with mode-dependent
coefficients can be obtained from a DBG with fixed
causalities. However, the closing of an ideal switch may
directly connect two storage elements so that one of
their two ODEs becomes an algebraic equation.
Consequently, the index of the DAE system may
change when the circuit switches into another mode of
operation. The problem in practice is that some simula-
tion software such as Dymola®' or OpenModelica can
perform symbolic index reduction once prior to simula-
tion but are not prepared to do so during simulation.
After a change of the system mode the simulation may
just fail with a division by zero. This problem and some
remedies have been considered by Borutzky.?*> To over-
come the problem, one may, for instance, add an ON
resistance to at least some of the ideal switches. The
resulting set of equations, however, may be stiff. When
mode transitions take place, the numerical solution
may fail. Changing parameters controlling the numeri-
cal integration such as the relative, or absolute toler-
ance, or the integration step size may help to recover,
but the resulting accuracy may not be sufficient.
Another option is to perform an index reduction prior
to simulation for those system modes in which some
ODEs turn into algebraic equations due to the closing
of some switches. Then, for each system mode, a set
ODEs is used.

Dynamic behaviour

In the following, the simple example with an ideal
switch connecting two capacitors (Figure 4) is simu-
lated. Computation of the dynamic behaviour starts
with an open switch (m = 1) that closes at time instant
t, = 2 ms (m = 0) and reopens again at f4 = 4 ms

m(t) = 1 —pulse(t, i, 1) (84)

For the time interval, in which the switch is closed,
the DAE system has been reduced to an ODE system
by differentiating the trivial algebraic equation
uc, = uc, prior to simulation. The fault scenario
assumes that at time instant #3 = 1 ms, capacitance C,
abruptly reduces to half of its initial value

of its value

[v]

Nodal voltages

t t t t T y t
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [3]

Figure 9. Time evolutions of the voltages uc,, uc, and of the
voltages uc,, U, of the faulty circuit.

G

Ci(1) = Ci(1 — step(t, 1)) + 5

step(s, 13) (85)
(step(t, t3) is the unit step function. The jump happens
att = 13.)

Table 2 gives the parameters used in the simulation.
Figure 9 shows the nodal voltages uc,, uc, of the fault-
less circuit as well as the faulty nodal voltages ic,, iic,
versus time. The latter ones are denoted as ruC, and
tuC, 1in the figure. Simulation results have been
obtained my means of the open software Scilab.”?

As can be seen from Figure 9, the capacitor voltages
discontinuously drop to a joint value at closing time
t, = 2ms of the ideal switch. This joint value, needed
for a re-initialisation of the numerical integration, can
be obtained from the principle of charge conservation.
When the switch opens again, no re-initialisation is nec-
essary as the time evolution of the two state variables
continues with no jump.

In the faultless circuit, the closing switch causes an
increase in the capacitance from C; to C; + C, = 2C;
and a jump of both nodal voltages to the joint value of
1.58V. In the faulty circuit, capacitance C; reduces to
half of its value at 3 = 1 ms before the switch closes.
As a result, the total capacitance at closing time is
(C1/2 + C3) and the joint value of both faulty capaci-
tor voltages becomes
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a

iic,(ty) = ﬁucl (7)) = 1.294V (86)
where iic, (¢7) denotes the left-side value of iic (¢) at 1,
and uc, (¢,) the right-side limit. Both joint voltage val-
ues 1.58V and 1.294V are in accordance with Figure 9.
Due to the decrease in C; as of t3 < fp, the time con-
stant for the loading of capacitor C: C; becomes
smaller. This is expressed by the increased rise of ¢, (¢)
in the interval [t3, f;) and at 74 when the switch discon-
nects the two circuit parts. Capacitor C; is charged
with a time constant that is half of the time constant
T=(R + R)C; in the time interval [0,7;). For
0 <t < tp, the left part of the circuit is disconnected
from the right one. Thus, the ODE for i, reads

1 R

O R RE T R+ Ry (87)
Hence

L 1 _

uc,(3) = m (RIF = uc,(13) (88)
e, (1) = R TR (RiF —uc,(t5) (89)
As a result

e, (1) = 2dic,(15) = 3.0325 X 1073 V /s (90)

In case the drop of capacitance C; takes place when
the switch is closed, then this fault does not significantly
affect the time evolution of u¢, as long as the switch
remains closed

. 4 .

p3 +N ~ —

e, (ty) = guCl(ls)
for t; = (l4 — I2)/2.

For ¢ > t4, capacitor C; is no longer connected to the
current source and discharges with the time constant
R; Cs.

1)

Residuals

Let variables of the faulty system model carry a tilde.
For instance, #}' becomes 7. Residual r; then reads

r=—Usw T R F— RZTZ 717[@2
1 .
=—— + R F—-Ri
q1 (92)

=—uc, + RiF— Ri
= —uc, + RIF — R[Ci(Dii¢, + isy]

In case the switch is open, isy = 0; otherwise,
isw = Caiic, + ilc,/R3. Hence

I’l(l) = — Uc, + RIF

— R {Cl(t)ﬁcl + (1) (Czﬁcz + LaQ)]
R

(93)

T SN N N O SR SN SO
1 Swopen '

sw closed

Residual rl [V]

J
H
-1 t t t t t t t t
0 0.001 0.002 0.003 0.004 0005 0.006 0.007 0.008 0009 001
Time [s]

@
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0008 === == mmdmmmehos o
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0.004 4
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~
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-0.002

-0.004

Residual r

-0.006

-0.008

-0.01 : f —————— f
0 0.001 0.002 0.003 0.004 0005 0.006 0.007 0008 0.009 0.01

Time [s]

(b)

Figure 10. Residuals r|, r, due to a drop of the capacitance C,
att=| ms: (a) residual r; and (b) residual r,.

accounts for both cases. If the real circuit is not faulty,
then C; = C, and ic, = uc,,lic, = uc,. As a result,
r1 = 0. In the same way, residual r, can be reformulated

ra(t) = — Criic, — Catic, — b — R—Sﬁcz
ToGaGle (94)
+ [Ci(Diic, + m(t)(Catic, + tic,/R3)]
1 .
Ry

Figure 10(a) and (b) displays the response of resi-
duals ry,rp to an abrupt fault in capacitance Cj.
Equation (94) indicates that residual r, depends on C
as expressed in the FSM. Figure 10(b), however, shows
that r, is insensitive to changes in Cj. In fact, for both
modes of operation, it can be proven analytically that
r(t) =0, for0<r=<0.01s.

Figure 10(a) shows that the response of residual rq
to the abrupt fault of capacitance C; is mode-depen-
dent. It captures the abrupt fault of parameter C; at
t3=0.001s and decreases to zero when uc,(?)
approaches its final value wuc (t —®)=RF=5V
independent of the value of Cj.
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Conclusion

It has been shown that ARRs used in model-based FDI
as well as a unique implicit state equation with mode-
dependent coefficients can be obtained in a systematic
manner from a fixed-causality DBG of a hybrid model
in which switching components are represented by ideal
switches.

Although ideal switches are naturally of variable
causality, fixed causalities are assigned once to a DBG
by means of the Sequential Causality Assignment
Procedure (SCAP). Nevertheless, a unique set of equa-
tions is deduced from the DBG that determines the
wanted residuals for all modes of operation. The key
step is to substitute the JS outputs into the field of
switches in the implicit switch equation.

The vector of residuals is a JS structure output into
the field of detectors with inverted causalities. After
some elimination steps, the residuals finally depend on
the time derivative of the states and the switch outputs.
For both unknowns an implicit DAE with mode-depen-
dent. coefficients can be obtained.

For the DC motor drive example with two pairwise
commutating switches, it has been shown that only a
set of implicit algebraic equations is to be solved.
Pairwise commutating switches can be identified by a
causal path between their ports in a DBG.

For a faultless model with ideal switches, a unique
implicit state equations with mode-dependent coeffi-
cients can be obtained from the ARRs.

The presented general matrix-based approach has
been applied to three small illustrative example sys-
tems. Equations are directly deduced from a DBG and
are reformulated so that they conform with the matrix
equations obtained by the formal approach, based on a
partitioning of the BG junction structure. For large-
scale linear system models, the procedure can be imple-
mented in a script or a programming language. For
one of the three examples considered, a fault scenario
has been simulated.

It has been outlined that the presented approach of
using a fixed-causality DBG can also be applied in case
some of the switches are to be considered non-ideal.
The steps of the procedure do not need to be changed.
A small change of the implicit equation of some
switches, which actually turns it into an explicit one, is
sufficient. Non-ideal switches, however, may result in a
set of stiff equations, numerical problems, and a con-
tinuous approximation of discontinuous jumps.

The approach can be extended to mode-switching
LTI models with uncertain parameters. The uncertain
element parts can be collected into a field of sources
modulated by power variables that is added to the
block diagram in Figure 1. As a result, residuals
depend on another additive term accounting for para-
meter uncertainties. Subject of further research may
be an extension of the proposed approach to mode-
switching system models with some non-linear
elements.
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