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Abstract: A diagnosis system for the electric machine and the power electronics in a hybrid
electric vehicle is designed, where the diagnosis system uses a map based model of the system
to be monitored. Such a model gives an accurate description of the fault free system, and is
therefore suited for fault detectability. However, one drawback using such a model for diagnosis
is that fault isolation often requires that the model, in addition to the fault free case, also
describes the faulty system, and thereby measurements of the faulty system are needed, which
is costly. Another approach is to use a model including physical parameters of interest in the
system to be monitored, to also describe the faults’ impact on the system. To achieve good
diagnostic performance such a model needs to be accurate, which also is costly. Therefore, in
the new approach taken here, two models for the system are used in combination to achieve good
fault detectability and isolability; one is a map based model, and one is describing the faults of
the system. It is shown that the approach works well and is a promising path to achieve both
good fault detectability and isolability performance, without the need for neither measurements
of a faulty system nor detailed physical modeling. In a simulation study evaluating the designed

diagnosis system all faults are isolated and also accurately estimated.
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1. INTRODUCTION

Fault monitoring and diagnosis is used to detect and isolate
faults in a system. There are several approaches to be
used, and one of the more common is consistency based
diagnosis (de Kleer et al., 1992) based on precompiled
tests, or residual generators, as in Blanke et al. (2006). Such
diagnosis systems compare the consistency between a model
of the system to be monitored and the observations. Models
are developed for different purposes and to different level of
detail, and a common approach in the automotive industry
is map based models, since these models are straightforward
to design using measurements. One benefit of using such a
map based model is that it accurately describes the outputs,
whereas a model based on physical laws and descriptions
always will show some discrepancies due to unmodeled
phenomena. High model accuracy directly results in good
fault detection performance, but one drawback with a
map based model in a diagnosis system is the difficulty
to isolate faults from each other, since internal physical
phenomena are not described by the model. One way
to achieve fault isolability is to collect data when the
faults have occurred in the system to be monitored, which
is a costly solution. Another approach to achieve good
fault isolability performance is to use models that include
physical parameters of interest in the diagnosis system,
since then the model describes how different faults affect
the system to be monitored. To achieve good diagnostic
performance, such a model needs to be accurate including
detailed physical modeling, which also is costly.

1.1 Contributions and outline

Here an approach is used that combines two models. One
model is based on a map that describes the system to be
monitored in the fault free case. The other model is a less
accurate model for the fault free case, but this model can be
used to model how the faults affect the system. The benefit
of this approach is that data for a faulty system is not
needed, and that the accuracy demands on the model used
for fault modeling are lower than for designing a diagnosis
system based on only this type of model.

The approach of combining two models is used in the design
of a diagnosis system monitoring the power electronics
and the electric machine used in a hybrid electric vehicle
(HEV). This system is considered since monitoring of the
components in a vehicle powertrain is important in order
to achieve high up-time of the vehicle. Further issues are
safety and to avoid damaging components, especially the
battery that is sensitive and costly. The models used in
the diagnosis design of the electric machine are described
in Section 2, and in Section 3 these models are combined
to include fault models in the map based model. Based on
this model, a diagnosis system is designed and evaluated in
a simulation study in Section 5, and finally the conclusions
are given in Section 6.

2. MODELS OF THE ELECTRIC MACHINE

In HEVs mainly permanent magnet synchronous machines
(PMSM) are used since this type of machine in general has
higher efficiency compared to other machine types (Zhu
and Howe, 2007; Mellor, 1999). A PMSM is an AC machine,



but it is possible to use a DC source, e.g. a battery, and
use power electronics to achieve an alternating current.

Two models of a PMSM are presented, that later are used to
illustrate the approach in the design of the diagnosis system.
The first model includes a map that describes the power
losses in the machine and is presented in Section 2.1. To
model how faults affect the machine and power electronics,
which is not captured in the map based model, the second
model is based on analytical expressions and is presented
in Section 2.2.

2.1 Map based model

The map based model describe the power losses in the
machine and the power electronics, and is based on
measurements to find the difference between the electrical
and mechanical powers. The map of the power losses, Pg"nﬁ 7,
is three dimensional taking the delivered torque, T, motor
speed, wem,, and battery voltage, Uy, as inputs

P = f(Temawema Ub) (1)

em,l —
and the power losses are given in Figure 1. There are
limitations in the delivered torque from the machine,
denoted Term, min in generator mode and Tey, maz in motor
mode, that are functions of we,, and Uy. The limited torque,
Tem,1im, is equal to the requested torque, Tem req, if the
requested torque is within the limitations of what the
machine is able to deliver

< Temﬂ'eq < Termmaz (2)
> T,

Tem,req =

Tem,'req; em,min

Tem,m'm7 Tem,'r'eq < Tem,min
Tem,lim -

em,max em,max

The delivered torque is computed by filtering Tem, 1im

1
Tem = mTem,lim (3)
and the mechanical power delivered by the machine
Pem,m = LemWem (4)
is used to calculate the electrical power
Pem,e :Pem,m‘i‘PeTZZzl) (5)

2.2 Analytical model

A PMSM can be modeled as a separately excited DC
motor with constant field (Guzzella and Sciarretta, 2007),
since the stator of a PMSM consists of windings, and the
armature of permanent magnets. This is done in the model
based on analytical expressions, where the resistive and
frictional losses are modeled to represent the losses of the
machine. The torque T, is modeled to be proportional to
the current, I.,,, except for the frictional losses that are
modeled to be proportional to wey, (Zhu et al., 2000). The
output torque from the machine is

Tem = klem — CpWem (6)

where ¢y is a friction constant and £ is a machine constant.

The current is calculated using the voltage, Ue,,, supplied
by the power electronics and the electromotive force (emf),
that depends on the speed of the machine, we,,
1
Iem Rem (Uem kwem) (7)
emf

where R.,, is the resistance in the electric machine. The
power losses in the machine are computed using

° UemIem - Temwem (8)

em,l —
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Fig. 1. The power losses [W] of the machine and power elec-
tronics. The solid (thin) red lines show the measured
losses in the map described in Section 2.1, the dashed
lines the losses in the model described in Section 2.2,
and the solid (thick) blue line the torque limitation of
the machine.

Substituting Ue,, and I, from (6) and (7) gives

T2, 2c c2
.l :Rem< ]:;" +k;meem+k’;w§m> + wafm (9)
This model is fitted to the data of the losses given in
Section 2.1. Using least squares of (9) results in that the
parameters k, R, and ¢y are found to be 0.50 Nm/a,
0.065 €2, and 0.0029 Nm/s respectively. The battery voltage
is assumed to be the open circuit voltage, i.e. 250 V', when
using the map to find the losses. The power losses computed
in (9) are compared with the measured losses in Figure 1.

Controller A torque from the electric machine is re-
quested from the energy management operating on vehicle
level. The controller of the machine computes a requested
voltage, US| from the power electronics in order for the

machine to, if possible, deliver this torque.

The model for the power electronics supplies this voltage
to the machine when the component is fault free, i.e.

Uem = Uem,ctrl (10)
3. COMBINING THE MAP AND ANALYTICAL

MODELS FOR FAULT MODELING

Three fault modes are modeled in this section to be used
in the design of the diagnosis system as described in
Section 5, and to be used to evaluate the diagnosis system
in simulations. The faults to be modeled in the electric
machine affect the resistance of the machine, and the
lumped torque and speed constant k used in the analytical
model. A fault in the power electronics results in that the
applied voltage on the electric machine is not the requested
voltage. The faults are modeled as

k= k""" (1 + fums) (11a)
Rem = Rgﬁzm(l + fem,R) (llb)
Uem = UNEF (1 + fre) (11c)

where £™°™ and R." are the nominal values of the

parameters, and U the delivered voltage from the power
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Fig. 2. The map based model includes a limitation in the
torque signal, since the machine has limitations in the
torque it is capable to deliver. The battery current is
calculated from the mechanical power and the power
losses. The modifications in the operating modes and
the efficiency of the machine due to faults in the
component are modeled with AT,,, and AP, ;. The
part inside the dashed line is the nominal model with
no functionality for fault modeling.

electronics in the fault free case. These faults are important
to monitor since they affect the delivered torque from the
electric machine, as can be seen by combining (6) and (7)
for the analytical model

U, k
Team - k oo —Wem — CfWem
(Rem Rem ) !

As stated above, the map based model is beneficial to use
to represent the machine since it has high nominal accuracy,
but the model has the disadvantage that the parameters
affected when a fault has occurred are not included in
the model. In the fault free case, the map based model
of the machine delivers the requested torque, as long as
the machine is capable of delivering the torque, as can be

(12)

seen in the schematic structure of the model in Figure 2.

The battery current, I, is calculated using the mechanical
power, Pey, m, and the power losses, Py, , that is a map
and depends on the operating points of the machine, as
described in Section 2.1.

The two main ways to model faults in the map based
model is to modify the input signals used in the map or to
modify the output of the map. The model is here extended
to modify the delivered torque from the machine when
a fault has occurred, by modifying the requested torque
using AT,,, according to Figure 2. This results in that the
power losses of the machine changes when there is a fault
affecting the delivered torque. A fault affecting the power
losses of the machine affect the current to the battery, and
is modeled using AP, ;.

In the analytical model of the electric machine described
in Section 2.2, it is possible to easily induce the faults
described in (11) since these parameters are included in
the model. The accuracy is however generally lower in this
category of models compared to the map based model.
Therefore, the map based model is used to model the
fault free case, and the other model is used to model the
influence of the faults on the electrical machine. Expressions
for AT, and AP,,,; as functions of the fault modes in
(11) are derived below based on the analytical model.

8.1 Finding an expression for AT,

From (12) it is seen that all three fault modes in (11)
affect the delivered torque of the electric machine. This is
described by modifying the requested torque to the fault
free map based model according to

Tobeq = Temreq + ATem (13)

where Tey, req is the requested torque from the energy
management, and AT, is the difference between T.,,
and Tepm,req due to a fault in the system. The torque
delivered by the faulty machine is computed using (12),
and the delivered torque in the fault free case, T%NF' | is
also computed using (12), but with the nominal values of
the parameters in the machine. The parameters k and R,
and the voltage U,,, used to calculate T, , include models
for the faults according to (11), and AT,,, is expressed by

AT, =T%, — THNF
k knom

= 75 Uem —k em) —
B | wem) = o

(UgnF o knomwem)
(14)

The voltage U needs to be calculated to find U.,, and
UNF used in (14). This voltage is however not modeled
in the map based model, and is therefore computed using
the analytical model. The angular speed and the requested
torque are used in the expression, that is based on (12)

Usn! = <Tem’re“ +

knom knom

wem) RyO™ 4+ KM Wer, (15)

The delivered torque from the machine is not known in the
controller of the machine, where US4 is set, and therefore
the requested torque is used in (15). For the same reason
Re., and k in the expression are the nominal values even if
there is a fault in the machine affecting these parameters.

3.2 Finding an expression for APy,

The expression for the power losses in the analytical model
is given in (9), and the expression states that fem r and
fem,r affect the power losses in the model. The losses in
the map based model are modeled as
pmap _ Pmap + A-Pem,l

em,l — T em,l

(16)
where szzf is the original map and AP,,, ; describes the
difference in the power losses in the machine in the fault
free and faulty cases of the machine. The losses in the

faulty case are computed by (9), and the losses in the
fault free case, P;;fvlF, are also computed by (9), but with
the nominal values of the parameters R.,, and k. The
torque used in the computations of P, and Pfr’anF is the
delivered torque T¢,, from the machine in the mép based
model, see Figure 2. AP,,,; is computed by

a,NF
- Pem,l

AP, = P

em,l
2

T2 2¢ C
= Rem < ’:;n, TgwemTEm + ’€£me> + Cf,emwgmf

T2 2cy
N [Rg%m((knzZ)Q + (knom)Q

Rem Rgﬁ’bm 2 2, 2
- k2 - (knom)? (Tem + ZCfWCmTem + waem)

02
wemTem + (knoj:n)Q Wzm) +Cf,emwzm:|

(17)



4. ISOLABILITY GAIN BY COMBINING MODELS

In this section the maximum theoretical isolability perfor-
mance of a diagnosis system based on the map based model
is discussed. Firstly, the isolability performance using only
the map based model is considered, i.e. the results from
Section 3 are assumed not to be known. Secondly, the
performance when combining the map based model with
the fault models obtained in Section 3 are considered.

4.1 Theoretical fault isolability using map based model

First, consider the case when using only the map based
model, without any fault models. There are three fault
modes to be monitored, see (11), and a single-fault
assumption is made in the diagnosis system design. On the
basis of using only the map based model, it is reasonable
that all three faults affect the delivered torque

Tom = gl(fem,kafem,Rafpe) (18)

while the power losses only depend on the fault modes in
the electric machine

Pem,l = g2(fem,k> fem,R)
Note that g; and go also depend on other variables.

(19)

When equation (19) for P.,,; is not consistent, this can be
explained by either of the two faults fep, r or fem, r. The
fault fp. can not be the cause since it does not affect the
power losses. If the equation for T,,, is inconsistent, this
can be explained with any of the faults according to (18).
Therefore a fault in the electric machine can be isolated
from a fault in the power electronics, but not vice versa.
Further, it is not possible to isolate the fault modes in the
electric machine from each other when no fault models
are used, since both these faults affect the same model
equations.

4.2 Theoretical fault isolability using a combined model

Now consider the case where fault models are used in
combination with the map. As stated in Section 4.1, fault
models are required to isolate the fault modes from each
other in the diagnosis system. Here the faults’ influence
on AT,,, and AP,,,; described in (14) and (17) are used
in the diagnosis system. It is assumed that the faults are
constant or slowly varying, and is modeled as f = 0. Note
that the parameters k and R.,,, and the voltage U,,, all
are included in the expression for T,,,, and that the faults
affect the torque in different ways. This means that full
fault isolability can be achieved using only information
about how T, is modified i.e. by only using (11) and
(14). The information from how the faults affect AP,,,;
is however also used in the estimation of the faults using
observers in the next section.

5. DESIGN OF DIAGNOSIS SYSTEM

A diagnosis system monitoring the power electronics and
the electric machine of the HEV is designed based on the
models presented in Sections 2 and 3. The model used,
including the fault models, is first transformed into state
space form in Section 5.1. This model is used to design the
observer based residual generators in Section 5.2.

5.1 State space formulation of the model

The fault free model, described in Section 2.1, used in the
design of the diagnosis system is static since the dynamics
in (3) is considered fast and its dynamics is assumed
instantaneous. The faults are included as states that later
are estimated in the observers. In its original form the
model is a DAE of differential index one (Petzold and
Ascher, 1998), but is reformulated as an ODE to be able
to use standard observer techniques. The model is in the
form

#1=0 (20a)
0=g(x1,za,u) (20b)
y = h(w1,22,u) (20c)

where x1 is the vector of the dynamic variables, which
is equal to the three faults, x5 is the vector of algebraic
variables, and u is the vector of known input signals. The
expression g(z1,z2,u) includes the model equations, and,
since the DAE has differential index one, the algebraic
variables x5 can be computed from g(z1,z2,u) by

zy =g Yz, u) = Gz, u) (21)

leading to the ODE
jl‘l = 0 (22&)
y=nh(z,G(z1,u),u) (22b)

which has the same solution set as (20). The algebraic
variables z5 and G(x1,u) are given by

- T TE™ (1 + fom) ;
Rem Rgfr?zm(l + feva)
nom
Uecfy:l k:;zﬂm (Tem,req + waem) + kWem
Uemn Usmn' (1 + fpe)
o | |
J;nom NE
ATem —_— [Uem_ kwem] — [Uem _ knomwem]
ma = Rem, Rgﬁfn
Tem,geq Tem,req + ATep,
em,lim min {max { Loy min, T o} s Temmaz }
Pem,m TemJimWem
Ap Rew  RIo0 ] 2 s
em,l 12 — W [Tem+26fwemTem+waem]
g:f? f(Tem,lima Lfneya Ub)
LLem,e _Pem,m + Pemf + A1Dem,l J
T2 G(z1,u)

(23)
The known signals are the requested torque, angular speed,
and the battery voltage. Of these the angular speed and
battery voltage are sensor signals

Tem,req ‘|

u= (24)

wem
U,
The output signals are the delivered torque and the battery
current, that are calculated in (20c) and are given by

Tem,lim

h(z1,x2,u) = (25)

Pem,e

Uy

5.2 Design of residual generators and test quantities

The residual generators used in the diagnosis system are
based on the estimated faults computed in observers using



the model presented in Section 5.1. One way to estimate the
fault modes to be monitored would be to design an observer
estimating all three faults simultaneously. However, to
simplify the observer design and increase the performance,
the single-fault assumption is used and three observers
are designed to estimate one fault each. In each observer
it is assumed that the other two faults are zero, and
the three observers estimating fem k, fem.r, and fpe, are
denoted Ocp i, Ocm,r, and O, respectively. The basic
idea to achieve fault detection and isolation based on these
observers is described below, but first the observers are
briefly described.

Observers  The observers estimating the faults used in the
residual generators are designed using Extended Kalman
Filters (EKF) (Kailath et al., 2000). All three observers
use the same model equations, except for which fault that
is to be estimated, and the used model equations are given
by (23). Note that two faults in (23) are assumed to be
zero in the observers, and z; in (22a) only includes the
fault that is to be estimated in the observer. The observer
used to estimate the fault f.,, \ is e.g.

f'em,k:OJrK(y*?J)

o))
0 0

where 21 = [femr 0 0]T in (22b).

The system given in (22) is time discretized in the observers.

This is trivial to do since the faults are assumed to be
constant, and the only dynamics in the model is therefore
21 = 0. To be able to tune estimation convergence speed,
the constant states are modeled as random walk processes

Tit+1 = T1t + W (27)
where the covariance ); of the noise term w can be used to

tune observer performance. The sensors assumed available
in the diagnosis system are a torque sensor and a current

Sensor
y = |:Tem,sens :|

28
Ib,sens ( )
The torque sensor is used for simplicity, but if it is not
available it is possible to use other sensors and an extended
model, see e.g. Sundstrom (2011), where also the entire

observer design is given.

Basic idea  The faults affect the system to be monitored
in different ways, see (23) for details. This, in combination
with the assumption of constant faults, is used in the design
of the residual generators and the basic idea is illustrated
by an example. When a constant fault has occurred in

the power electronics resulting in that U, # Ut fpe

is constant, but the estimated faults femr and fem r
calculated in Ocp,r and Oy, r, are dependent on the
operating point of the electric machine. This is to estimate
the correct values of AT, and AP, ;, and is here
illustrated using the expression for AT, in (14). It is
only T, and not T%NF that is affected when there is a
fault in the component. Combining (11) and (12) leads to

T:m == *cfwem + knom(l + fcm,k)'

. ( UNF(L 4 fpo) K" (L4 fomn)
Rgﬁim(l + fem,R) RQ&W(I + fem7R)

wem) (29)

A fault in the resistance is e.g. included in two terms in the
expression, one that is proportional to UNF and one that
is proportional to wen,. The fault in the power electronics
is only included in the term that is proportional to the
voltage. This leads to that when there is a constant fault
in the power electronics, the value of f.,, r varies with
Wem to achieve the same value for T as fp. does. This
information is used to construct residual generators in the
diagnosis system. Note that it is only one of the three
estimated faults in the observers that estimates a correct
value of the fault.

Residual generators and decision structure  Residual
generators are designed based on that if an observer
estimates a fault f;, fl converges to f;, and that f; = 0, but
if a fault f; # f; occurs it is not possible to state anything

about the value f; will take. Therefore, if f; # 0, this can
only be explained with that there is a fault in the system
and that this fault is not f;. This idea is used in the design
of three residual generators that are based on the change
in the estimated faults in the observers between two time
steps. An expression for this is found in the feedback term
in the observers

re = Ky (ye — ) (30)
The residuals are post processed to form test quantities
using the CUSUM algorithm (Page, 1954; Gustafsson, 2000)

T(tg) = max {0, T (tx—1) + |r(tx)| — v} (31)
where v is a design parameter that corresponds to the noise

and model uncertainty in the residuals. The test reacts
when T is above a threshold J.

The decision structure includes information about which
faults the different tests are expected to react to and is
shown in Table 1. If e.g. T} has reacted this can be explained
by fem,r OF fpe, but if also T5 has reacted the only single
fault diagnosis is a fault in the power electronics. The
tests 11, 1o, and T3 are based on O¢p i, Ocm, v, and O
respectively.

Table 1. Decision structure for the diagnosis

system including fault models. Full isolability

is structurally achieved, since a unique set of
tests ideally react for each fault.

fem,k fem,R fpe
T1 X X
T2 X X
T3 X X

5.3 Simulation results

Simulations are carried out to exemplify that it is possible
to design a diagnosis system based on the two models of
the electric machine described in Section 2. The faults
are induced one by one in the vehicle model described in
Sundstréom (2011) where the map based model is used to
represent the electric machine. The faults induced in the
model are fem,k) = _3%7 fem7R = _3%7 and fpe = _1%7
respectively.

The values of the thresholds J are set to values for the test
quantities to be well below their corresponding thresholds in
the fault free case, and all monitored faults in the diagnosis
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Fig. 3. The normalized test quantities when f,,,  has
occurred after 400 seconds in FTP75. Test 2 and Test 3
are supposed to react on the fault and do so, but
also Test 1 reacts for a short period immediately after
the fault is induced. This can be explained with that
the assumption f = 0 is not fulfilled when the fault

occurs.

system are detected and fully isolated. Figure 3 shows the
normalized test quantities

T

Tnor?n = 7 32
! (32)

when fen 1 is induced in the model after 400 seconds when
the driving cycle FTP75 is used. According to the decision
structure in Table 1, Test 2 and Test 3 are supposed to
react on this fault. In Figure 3 it can be shown that also
Test 1 reacts on the fault for a short time. The reason
for this is that when the fault is induced, the assumption
f =0 is no longer valid, and the residual is non-zero since

fmn,k in Ogp, k. has not converged to the value of the fault.

This can be solved by e.g. adding a constraint that a test
has to be above the threshold a predefined time before the
test alarms.

The estimated faults in the three observers when fe,, i is
induced in the vehicle model, are presented in Figure 4. It

can be seen that fem’k converges fast to the correct value.

It can also be seen that f,. does not vary as much as fem’ R
when f.p, ; is induced. This can be explained by that Ue,
and kwep, in (14) are of the same order of magnitude in
most operating points. An increase in AT, can e.g. be
achieved by increasing U.,, or decreasing kwe,,. When large
torques are delivered by the electric machine, the difference
between U, and kwe,, is larger, and the term % in (14)
has larger influence on AT.,,,. Therefore it is possible to
isolate the faults f,. and fem r from each other.

6. CONCLUSIONS

A method combining two models, one with good nominal
accuracy and one with the possibility to model how the
faults affect the system, was used in the design of a diagnosis
system for the power electronics and the electric machine in
an HEV. It was shown that the method works well and is a
promising path to achieve both good fault detectability and
isolability performance, but with no need of measurements
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Fig. 4. The estimated faults in the three observers when
fems = —3% after 400 seconds in FTP75. The es-

timated fault fem’k converges fast to the value of

fem,i, but fem r and fpe varies significantly since
these estimated faults are computed in observers not
considering the fault that has occurred according to
Section 5.2.

of a faulty system or detailed physical modeling of the
faulty cases. In addition to fault isolation, the observers
used in the diagnosis system accurately estimates the size
of the faults.
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