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ABSTRACT: Unknown input observers (UIO) can be used in the model-based fault diagnosis (FD) system
to reduce or eliminate the effect of unknown disturbances present on the process and used to create a set of
residuals that are decoupled and sensitive to faults. In this work, a new FD scheme of the In-Wheel motors
electric vehicle IWM-EV) with active front steering was carried out, as well as the design of the fault isolation
banks of UIOs. These banks are used to generate residuals that are robust againts to noise and are sensitive to
only one fault. This way the faults in the steering or in-wheel actuator are detected and isolated with a higher
rate of accuracy. The proposed FD scheme is verified by Carsim® and Matlab/Simulink® cosimulation.

1 INTRODUCTION

The road map on road transport published by ER-
TRAC, EPOSS and SMARTGRIDS in 2010 had the
expectation that the adaptation of conventional ve-
hicles to electric power train was the first mile-
stone (Ertrac, EPoSS, & SmartGrids 2012). At the
present stage, most compact electric vehicle (EV) are
based on today’s drive train platforms with one cen-
tral electric motor. However the potential of novel
power drive concepts is not completely achieved with
these first generation vehicles. Multiple electric mo-
tors mounted close to the wheels or even in the wheel
opens the development of new compact vehicle drive
train architectures.

System redundancy could be explored in order to
achieve high safety and robustness requirements. The
redundancy available in multi-motor electric vehicles
should be exploited, in the event of an actuator failure,
to redistribute the control effort among the remain-
ing working actuators such that stability is retained
and recover to a safe state. Also (Zhang, Cocquem-
pot, Jiang, & Yang 2013) and (Rongrong & Junmin
2011) points the importance of using fault detection
and identification (FDI) scheme with fault tolerant
control (FTC) systems in order to actively reconfig-
ure the system in order to mitigate the faults effects.
Several works have been presented related to the de-
tection of fault in electric vehicles. In (Ho & Ossmann
2014) it is used structured residuals in order to detect
and isolate fault in sensors and actuators. In this work
the linear track-model with side slip state is extended
to the new type of powertrain is used.

In this work, we are concerned with the fault diag-

nosis system for an IWM-EV with active front steer-
ing. The selected powertrain is equipped with four in-
dependent electric drives, which can individually gen-
erate traction and braking forces at the tires. The steer-
ing system is assumed to be a steer-by-wire (SBW)
system which is able to control the front wheel steer-
ing angle independently of the drivers input with the
steering wheel. Due to the high complexity associated
with this new class of powertrains, the probability of
malfunctions in components (sensors, actuators) is in-
creasing. In this context, it is crucial to develop new
algorithms for FD of vehicle components and increas-
ing vehicle safety using fault diagnosis systems.

The main objective of this work is to present a new
FD for the vehicle motion controller. To this aim, we
propose a structure based on three processing blocks
(see figure 1). The first processing block is related
to wheel fault detection: a wheel force observer was
employed to estimate the difference between the ex-
pected forces and the ones applied in the vehicle. In
the second block, we employ the inverse model of the
yaw rate in order to reconstruct the steering input. For
that we use an observer to estimate the lateral velocity
of the vehicle. The last block is composed by a set of
bank of observers based on the vehicle dynamics in
the yaw rate and longitudinal velocity.

The paper is organized as follows. In section 2
the vehicle model is presented. The fault detection
scheme and some details are presented in section 3. In
section 4 the supervision algorithm, that isolates the
fault based on the residual is explained. The FD sim-
ulation is presented in section 5 with some discussion
about the results. In the final section some conclusions
and insights for the future work are discussed.



UIO Bank

Lo
4 > Longitudinal Speed
Vy —I-|—>

Rotational Moment

A
Linear Observer v,V -
>

Steering

Reconstruction |I |

Supervision

@i | » Non-linear Observer

I

I

I

I

I

I ; >

| ‘i// _|'I_> Lateral velocity
X —'—P

I

I

I

I

I

Ti Longitudinal Force
System | I
| Informationj|  Vehicle State Observer System

Figure 1: Diagram of the fault diagnosis algorithm developed

2 VEHICLE MODEL

In this section the vehicle model used in order to de-
sign the FDI scheme is explained bellow. The rota-
tional dynamic of the wheel is presented as (Savaresi
& Tanelli 2010):

i€ {FL,FR,RL,RR)}

where T; are the torque inputs applied in each individ-
ual wheel and I, is the wheel moment of inertia and
R is the wheel radius. The F;; is the wheel rolling
forces. Finally, the forces F); arise from the tire/road
interaction. The linear force is represented by the fol-
lowing model:

F,; =N, (M) )

(]

where NV; is the longitudinal stiffness coefficient, v,
and w; are the linear and angular wheel speed, for i €
{FL,FR,RL, RR}.

The total lateral force F,, of the system is expressed
by (3) and it is assumed that there is no difference
between the lateral forces applied in the left and right
tires.

F,=2F,; +2F, 3)

Where F,; and F,, represents the lateral force
present in the front and rear wheels respectively. In
the present formulation it will be considered that the
lateral forces are defined as a linear model expressed
by:

F,p=C; (5_M> , F,=C, (W_—%>
Ux ,Ux
4)

The vehicle motion can be expressed by the New-
ton - Euler equations which describes the lateral and
longitudinal dynamics of the CoG of a rigid body
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(Jazar 2008). The presented planar model is based on
the rotational, and translational motion of the vehi-
cle, neglecting the vertical dynamic of the suspension
system. The proposed model is based on the two-track
vehicle model and is defined as:
Y — i Eys+Fyr
vy = — v + 5)
Ly =1F— 1, F,
+0.5 - ls (Forr + Fore — Forr — Firr)

The constant of [, [, and [, express the distance of
the front and rear axis to the center of gravity of the
system and the distance between the wheels of the ve-
hicle. The vehicle mass is symbolized by m and the
rotational moment of inertia of the vehicle is defined
as I,. The state variables of the system are the longi-
tudinal and lateral velocity of the vehicle, v, and v,

respectively, and the yaw rate 1. The force Fl, ;g 1s
the aero-drag force. Also the longitudinal wheel force
F,; is the one defined in (2).

The nonlinear system is linearised around the equi-

librium point X, = [ V' 0 0 ]". Also the wheel an-
gular acceleration is w; = 0 and the rolling forces are
omitted. In this conditions the fault free linear system
is obtained:

x=Ax+Bu
{y o ©6)
where:
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2.1  Fault Model

Actuators faults can be represented as additive faults
(Isermann 2006). When a fault occurs, the control
input variable presents a faulty component which is
modelled by the equation (7). In this situation, the
fault free model control input u is now defined by
uy which is the new control variable when the faults
are considered. In this conditions, it is considered
the fault presents in each individual wheel actuator
(frr, frr, fre, frr) and in the steering wheel (fs)
in the fault vector f. The steering fault is exclusive
to the front axes. Faults on the left and right wheel
cannot be isolated using only the linear model. The
isolation between front and rear wheel is made by the
wheel force observer.

10100
uf:u(lg—lo 101 O]f) (7)
00001

f=[fre fre fre fre f5°

3  FAULT DIAGNOSIS STRUCTURE

The proposed fault detection and diagnosis scheme is
presented in figure 1. This solution is composed by
three main elements: the system observers, defined by
multiple unknown input observers that estimate the
fault free state, the residual bank, where the observed
variables are compared with the actual system infor-
mation, and the fault diagnosis algorithm. The system
information is obtained by means of sensor measure-
ments provided by Inertial Measurement Unit (IMU)
sensors as well as the expected actuator inputs pro-
vided by the control system.

3.1 Wheel Force Observer

In order to reconstruct the longitudinal force in
each individual wheel, it is proposed a wheel force
observer based on sliding mode techniques. The
following observer is defined for each wheel ¢ €
{FL,FR,RL, RR} and is based on the rotational dy-
namic presented in (1):

~

0 =b; T, —
W Iw

-+ ll e; + v, (8)

where b; = 1/1,, [; is the linear observer gain, Fm is
the linear force estimation using equation (2) and v; is
the following discontinuous term:

v; = (pi + poi) sign(e;) %)

Let’s assume a quadratic Lyapunov function, V; =
e? / 2, where e; = w; — ;. The derivative of the pro-
posed function would be defined as:

- Uz’) (10)

Considering v; as (9) and assuming |pg;| >

—RFy+ T} RE,;
L L,

V:—lle?‘F@Z(

+ Ty;/1,, where TY; is the faulty
component of T;. The result (10) is reduced to:

V < —lie = pilleil| <0 (1)

Ensuring asymptotic stability for the proposed ob-
Server.

In order to estimate the wheel fault, it is first as-
sumed that both the error and his derivative are zero.
With these assumptions the error expression (with

p; > 1 and Fy; — Fy; ~ 0) is:

RFE, Ty _RE,
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3.2 Steering Reconstruction

The proposed steering reconstruction is based on the
yaw rate model defined previously in (5) where the
lateral forces are modelled by (4).

Almost all the variable are available. In order to
simplify the calculation the yaw-rate derivative is set
to be close zero ¢ ~ (. Nonetheless, it is assumed that
the information of the lateral velocity is not available
for measurement, which hinders the estimation of the
steering variable. In order to overcome this difficulty,
a linear observer is designed in order to closely track
the lateral velocity of the system.

The state space system of the longitudinal/lateral
motion is used from the system of equation (6), the
observer can be defined as:

] [0 &[0 a,
{éy}_{_d)o}{@y]+{%]+ljey

(12)

where the longitudinal/ lateral wheel forces are re-
placed by the acceleration measured by the sensors.
The observer gain matrix is represented by L which
is defined so that the resulting observer error e, =
(y —y) — 0 when ¢ — oo. The observation stability
is obtained by defining the following gain matrix (for
more information refer to (Ungoren, Peng, & Tseng

2002)):
L=[2al| (a2=1)3 " (13)



where a is a positive scalar. However, the system ob-
servability presented in (12) is lost when the yaw
rate variable becomes zero, in order to overcame this
shortage, the fault detection is only valid for v # 0.

3.3 UIO Bank with fault isolation

The structure of the UIO bank is presented in the fig-
ure 2. As already mentioned, the measurements ob-
tained from the sensors are fault free and the fault
detection scheme is defined for actuators faults only.
The UIO bank consists of two different observers (fig-
ure 2) that aim to decouple actuators faults obtaining a
clear estimation that will dissociate the system faults
(Chen & Patton 1999). The model for each UIO is
based on the linear model defined in equation (6). The
control input is replaced by the fault model presented
in equation (7). The resulting system is described by:
{Xj = AXj + lelj + Djdj + ijfj (14)
y; = O,

where B; € R"*(m=1 s the system input matrix B,
without the column regarding the unknown input j;
b; € R™*! refers to the column of the matrix B that
was isolated from B;; D; = [ b; | is the new per-
turbation distribution matrix. The fault distribution
By; € R<0m=1) js equal to B;.

The UIO observer based on residual generation that
detect and isolate faults has a structure as described in
the following system of expressions:

zj = [Fjz; +T;Bu; + Ky
JA(j = Zj —|—ij f .
. . , forje{l,2
yi= % AR
ri= Vi(y—-y;)

(15)

where X; € " corresponds to the estimated state vec-
tors and z; € " corresponds to the observer state and
F, e gmn, T, € R, K € R7*P, H;, € R™*P are
the matrix needed to build the observer with unknown
input decoupling. The matrix Vj is a gain factor in or-
der to obtain the residual.

The residual for the group of actuator j has only
one side of the longitudinal traction as presented in
figure 2. If a fault occurs in the group j, The detection
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Figure 2: UIO bank observer

logic is as following:

{Ilrjll < Thy

inll> Th’ forb e {1,2}\j (16)
J

where T'h; is the threshold value for each actuator.

UIO Design

The state estimation error is defined by: (e; = x; —
X;), it follows that e; = T;x; — z;, where 1; = [ —
H;C'. Using the equations (15) and (14), the time
derivative of the error is given by (For the sake of sim-
plicity, the index j is omitted):

¢ = Fe+(I'B—G)u+(TD)d+ (17)

H(TBy)f+ (TA— KC + FHC — F)x

In order to design the UIO, is necessary to met the
following conditions:

(C1) G =TB (cancelu); (C2)TD = 0 (cancel d)

(C3) F =TA — LC (F is "Hurwitz”); (C4) K =L — FH

(C5) rank(TBy) =rank(By) (C6)T=I1—-HC

If the conditions are respected the state estimation
error becomes (€ = F'e + 1T'Bf) and the residual cor-
responds tor = V Ce.

In order to cancel the perturbation it is necessary to
first check if rank(C' D) = rank(D) in order to guar-
antee a solution for the system HCD = D (from the
condition (C2) and (C6)). One generalized solution
for H can be expressed by (Darouach, Zasadzinski,
& Xu 1994):

H = D(CD)* + Hy(I — (CD)(CD)") (18)

where (X)T is the generalized inverse matrix given
by (X)* = ((X)T(X)"1)(X)?, since X is full rank.
Hy is an arbitrary matrix of appropriate dimensions.
This matrix give some freedom on the design. The
eigenvalues of ' can be arbitrary located by choosing
a suitable matrix L, only if the pair (T'A, C') is observ-
able. If this condition can not be applied it is possible
to found a K that the observer is asymptotically sta-
ble if and only if (T'A, C') are detectable.

4 SUPERVISION ALGORITHM

Based on the residuals created, it is possible to isolate
and identify faults in the actuators (steering and wheel
actuators) using a residual table. The table identifies a
possible fault using the several residual signatures.
The response to fault situation in residual r; and
can be obtained by using the error expression from
equation (15). Taking in account the observation er-
ror € = F'e + T'Byf and the residual r = V(e it is
possible to predict the residual behaviour for additive
fault. The wheel observer gives the fault signature for
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Figure 3: Simulation results for the motor fault test;

each individual wheel and the steering reconstruction
provides the information of steering alteration.

The detection is obtained by comparing the residu-
als with appropriate threshold and its sign is also used.
The table 1 shows the possible patterns for the resid-
uals.

5 SIMULATION RESULTS

To illustrate the fault detection algorithm scheme
performance a computer simulation was carried out.
The vehicle model was emulated through the tool
Carsim® in co-simulation with Matlab/ Simulink®
software where the proposed solution was imple-
mented. In order to demonstrate the capacity to de-
tect faults in actuators two fault scenarios are defined:
Firstly without steering input (6 = 0) and constant ac-
celeration the fault is injected in the front right wheel
actuator. Secondly, a J-turn maneuver with steer fault
is considered. In both case the torque in each wheel
is constant and set to 5.6 Nm. The vehicle parameters
are presented in table 2. In the simulation gaussian
white noise (02 = 107°) was added to all measured

Table 1: Residual from the several actuator faults; O - residual is
insensitive against the respective threshold, + residual is sensi-
tive and positive, - residual is sensitive and negative.

Faults in actuators
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RR | 0O 0 0 0 +

e - Residual r2 v,

-0.0014
0 1 2 3 4 5 6 7 8

time (s)

f - Residual 7o w

signals. The signals are filtered by a low pass filter.

In the first simulation, an abrupt fault is injected in
the front right wheel. The result is presented in figure
3. At t = 3s the torque goes from the initial value to
the faulty value. After 2.5s the wheel torque goes back
to the initial value. In this test several fault ampli-
tude have been tested (figure 3.a). The results present
a good detection for faults above frp = 0.25. Both
residual 7; and 75 have an offset in the fault free oper-
ation. This phenomenon is due to the observer struc-
ture (/; matrix) and by the unavoidable modelling
errors. In other words, the fault diagnosis algorithm
uses models which do not fully agree with the real ve-
hicle due to model uncertainties. The residuals react
as specified by their respective signatures. The resid-
ual 7 (figure 3.c and figure 3.d) respond has expected
on table 1. The residual 5 (figure 3.e and figure 3.f) is
the one that isolates the left torque faults and is insen-
sitive to the right wheel. However, at the fault instant,
a perturbation occurs, due to the abrupt change on the
input, which will be ignored by the fault evaluation
mechanism as the value goes to zero. From the wheel
actuator fault it is possible to see that the residual have
the same behaviour has the set in signature table.

In the second scenario, a step fault is injected in the
front steering axis. The result are presented in figure
4. At t = 3s the steering goes from the initial value
to the faulty value. In this test several fault amplitude
have been tested (figure 4.a). The residual can detect,
even for small fault values the steering faults. Both
residual 7; and 7y (figure 4.(c-f)) have a response in
the steering change in the fault free operation. This is
due to the yaw rate dynamics of the model. Although,
after some time, the false fault signal goes to zero.
The residuals react as specified in the table 1 by their
respective signatures in the presence of fault. As ex-
pected, the residuals response for r; and 7y, associ-
ated with the steering fault is more significant than
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Figure 4: Simulation results for the steer fault test;

the wheel actuator case.

6 CONCLUSION AND FUTURE WORK

In this paper, a scheme for detection and isolation
of actuator faults in an over-actuated EV was pre-
sented. The proposed approach is based on using UIO
for calculating a set of residuals. The algorithm was
combined with a vehicle state observer consisting of
a nonlinear wheel force observer, a linear observer
for lateral velocity estimation with steering recon-
struction and a set of UIO for longitudinal speed and
yaw rate estimations. The observer designs for lin-
earised system have been considered regarding its ap-
plication to fault diagnosis algorithm. Existence and
convergence conditions for the observers have been
established. The proposed technical solution allows
to decoupling residuals from unknown inputs while
keeping sensitivity to faults. The results obtained are
promising and motivates further research on improv-
ing the proposed approach. The first step could be
conducted to reduce sensitivity to the steering input.
The fault detection extension in order to detect fault
in sensors is the second step. Also, the use of fault
detection scheme in order to reconfigure the control
system in case of fault is scheduled as future work.
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Table 2: Vehicle Parameter used in the simulations;

Variable | Symbol | Value
Vehicle mass m 1100kg
Yaw inertia I, 996kgm?
Distance from front axle and COG ly 1.2m
Distance from rear axle and COG l, 1.3m
Track width ls 1.5m
Aerodynamic drag constant K, 0.3401
Wheel radius R 0.3m
Wheel inertia I, 1.1kgm?
Cornering stiffness front tire Cy 24500N/rad
Cornering stiffness rear tire C, 26900N/rad
Longitudinal velocity 14 10m/s





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


