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ABSTRACT

Motors are widely used in industries due to itdigbto provide high mechanical
power in speed and torque applications. Its flditypto control and quick response
are other reasons for its widespread use. Distegbhtorque acting on the motor shaft
is a major factor which affects the motor perfore®n Considering the load
disturbance torque while designing the controltf@ motor makes the system more
robust to load changes. Most disturbance obsearerslesigned for steady state load
conditions. The observer designed here considergemeral case making no
assumptions about the load torque dynamics. Theredsdesign methods to be used
under different disturbance conditions are alsccudised and the performances
compared. The designed observer is tested in awdaedin-Loop (HIL) setup for
different load conditions. A motor load torque ewtion based Fault Tolerant Control

(FTC) is then designed for an Electric Power Step(EPS) system.
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CHAPTER 1

INTRODUCTION

Motors are the backbone of industrial automatioduktries use electric motors in
various applications due to its ability to providigh mechanical power in speed and
torque applications. Its flexibility to control ampiick response are other reasons for
its widespread use. In the automotive sector altime,motor is used for traction,
valve control, power steering, control of windowsn roof, engine cooling fan, and
will soon be replacing the mechanical camshafit amproves the system efficiency
due to its ability to vary the timing function. Aajor external factor which affects the
motor system performance is the disturbance toegqtiag on the motor shaft. When
the motor is subjected to disturbance, the measomgouts of the motor reflect this
external change. For example, increase in torgtiegacn the motor shaft causes the
speed of motor to reduce, thus reducing the badkeérthe motor. This causes the
current to increase reflecting the load change.il&ily decrease in load torque or
assisting torque is reflected by decrease in motwrent. In a current controlled
system, the change in load torque is detected éychiange in voltage required to
maintain the constant current. By considering th&dl torque on the motor shaft,
better controllers could be designed to make th#rotbed system robust to load
changes. Sensors used for control purposes réfledisturbance torque in its output.
By using a motor disturbance torque observer tioneseé the disturbance load torque,
the sensor signals could be replaced by an estimeaadie. Disturbance torque

observers are used in sensor-less and Fault Tolearol (FTC) applications.

In this thesis, the estimation of disturbance laaglie acting on the motor shaft is
explored with an application case study of how tbrgjue estimate could be used for

fault tolerant control of Electric Power SteeritgPS).



1.1 Disturbance Torque Estimation

The two major outputs of a motor are speed andutarGonsidering the disturbance
torgue on the motor shaft while designing the adntrakes the system more robust
to load changes. The load torque estimation forG otor is done in [1]. The
disturbance torque acting on the motor shaft israssl to be constant with respect to
the dynamics of the observer. Two methods of toegianation are discussed. In the
first method the torque is considered as an unknioyat and the estimation errors
are calculated. The estimation error of currerknewn and is used to calculate the
speed estimation error and thus the disturbanggéoand motor speed are calculated.
In the second method the disturbance torque isideresl as one of the state variables

and a classical observer is designed to estimatstéte variables.

In [2], the disturbance torque for field orientedluction motor drives is estimated.
The motor speed is estimated by the integral ofdifference between the actual
torque and reference torque. This difference issicimmed as the acceleration of the
motor and the disturbance torque can be calculiated the difference. The motor
model is constructed by using the stator curredtrator flux as the state variables. A
speed adaptive flux observer is designed to estiitingt motor speed, from which the

acceleration is determined, which is then usedtionate the disturbance torque.

Nonlinear control of a Permanent Magnet Synchroridator (PMSM) using load
torque estimation is designed in [3]. An extendexhlimear observer is used to
estimate the states of the PMSM. The PMSM modbLlik by considering the rotor
position, the currents in the stationary two axaference frame and the disturbance
load torque as the state variables. The disturbtorgeie is assumed to be a slowly
varying load and so its dynamics is set as zere. di¥server thus estimates the load
torque directly. In [4] a speed control method lbgd torque estimation of high

performance Brushless DC motor (BLDC) drives isiglesd. A full state observer is



designed for the BLDC by considering the speeditiposand load torque as state
variables assuming the load dynamics to be veny.sSldne position is the measured

variable used by the observer.

In [5], a projection observer [6] and Kalman obserare compared and a new
method merging the two observers is designed. T$wale model of the system is
considered and it was found that the encoder qretiin causes the speed and
disturbance torques estimates to be oscillatorth8mew observer in [5] is designed
by using a projection observer near the encodesegulnd if there is no output
feedback for many sampling periods, the estimateitipn could be greater than one
encoder line. The state estimate is then updatddarconstant position, adjusting the

Kalman gain to the standard filter one.

A sensorless co-operation between human and moligmipulator using
disturbance torque observer is designed in [7]. fElaetion torque in a manipulator is
estimated using a disturbance torque observer.di$tarbance torque is calculated
from the acceleration of the actuator and the ctrnaput. The velocity is
differentiated to obtain the acceleration and a p@ass filter is inserted to reduce the
noise in velocity signal. The mathematical modeltié mobile manipulator is

estimated by the Newton-Euler method.

It is seen that most of the observer designs censide disturbance torque
dynamics to be very slow, thus assuming it to lve.Z&ut this may not always be true.
The disturbance torque observer designed in thlasighconsiders the general case,

making no assumptions about the load torque dyreamic



1.2 Fault Tolerant Control

Fault tolerant control based on strain gauge seesiimate using a reaction force
observer is designed in [8]. The strain gauge gesigoal is estimated by multiplying
an appropriate gain to the estimated reaction fama an adaptation algorithm is
applied to update of this gain to improve the eation accuracy and estimation
robustness. The fault is detected by monitoringetstenation error and the controller
works with the estimated signal once the fault esedted. The effect of estimation
error and estimation delay on the stability of tdoatrolled system is also considered
while designing the fault-mode controller. Loop ging design procedure is used to
design the normal mode and fault mode controllessgu different weighting

functions to account for the estimation error aathy

In [9], FTC for a Steer-By Wire (SBW) system usirsg dual motor dual
microcontroller control system is designed. Eacliamases a smart motor controller
(SMC) to form an inner motor torque control loophid torque loop controls the
motor torque output to track a given torque refeeerifhe second microcontroller
forms an outer loop controlling road wheel positidrhus 2 microcontrollers in
Master-Slave configuration is formed. When a fadcturs, the slave takes over. If
fault occurs at one local motor loop, correspond8gC will shut down torque
control loop. SBW switches to single motor opemat@utomatically without any

intervention from master or slave microcontroller.

In [10], an active FTC with disturbance compensatis discussed using a
Generalized Internal Model Control (GIMC). In thadesign, the residual signal is
constructed by taking the filtered error betweetmested output and true output and
processing it through detection filter. When a fasildetected, a compensation signal

is fed back to the controller through a robustiima controller.



In [11], a torque sensor-less control in a muliipde of freedom manipulator using
disturbance observers is discussed. Two disturbabservers are applied at each
joint to realize robust motion controller and ohtaisensor-less torque controller. The
robust acceleration controller is realized by thedback of the estimated disturbance
torque. The reaction torque is calculated from éeemated disturbance torque and
the dynamic model of the manipulator. The feedbzdke calculated reaction torque

is then utilized to realize the sensor-less torcurol.

In [12], FTC of an electric power steering system designed. A classical
Luenberger observer is used to estimate the desteeb torque on the motor shaft
assuming the torque dynamics to be zero relativeh& system dynamics. The
relationship between the torques acting on the nsitaft is then used to calculate the
required torsion bar torque sensor signal whichicctne used when a fault occurs

with the sensor.

1.3 Thesis Outline

This thesis is structured as follows: in Chaptahg,preliminary theory required for
observer design and the motor model are detailéerBnt methods to design the
observer gain and the significance of each methaded on its performance are

provided.

In Chapter 3, the methodology to design the loagu® disturbance observer for a
DC motor is detailed which includes the method @feloping the motor model to be
used to design the observer depending on the extiexctors considered to act on the

system.



In Chapter 4, the method used to design a fawdtdak control of an electric power
steering system using a motor disturbance torqserebr is detailed. The EPS model

and methods used to estimate the torques actitigeosystem are also provided.

In Chapter 5, the Hardware in Loop (HIL) setup egumfation and tests done to
obtain the model of the system is detailed. The Kl&ults for motor load torque

estimation and its application in EPS are preseatetanalyzed.

Finally, Chapter 6 summarizes the results, obsemwst and makes

recommendations for future work in this area.



CHAPTER 2

PRELIMINARY THEORY

2.1 Luenberger Filter*

The classical Luenberger observer is the simplesémwer design which considers
only the system model in its design and assumedistorbance to act on the system.
The estimates using a Luenberger filter are highlydel dependent. Luenberger
observer design by pole placement method [13]g9sudised here. The purpose of the
observer is to ensure that the estimation erroches zero quicker than the system

response.
Estimation errore(t) = X({) — X9, € ) O [ 0,when t>w
The error dynamics are given by

e=x- x=(Ax B)-( At B~ (y")

. R (2-1)
=AX-X-UGx- GY=(A LG e

The stability of error dynamics is determined byesi-values of the observer matrix.
The coefficients of the observer characteristicypomial are then placed at the

desired observer poles so as to achieve stea@yestttnation as quickly as possible.
Characteristic polynomiatlet(sl-(A-LC))=(s-p)(S-p)...(S-R),

wherep,, p...pn are the desired observer poles for steady andk @uior dynamics.

As the Luenberger filter is designed for an idgakem, not taking into account any

disturbance, its performance in a real world sysgeasually not satisfactory.

! The terms filter and observer are used alternigtteerefer to the same thing, i.e., the statenssior



2.2 Kalman Filter

When the system is subjected to white noise, Kalfiin is used to estimate the
state variables. Kalman filter is a recursive filtghich estimates the states of a
dynamic system from noisy measurements by minirgizthe variance of the

estimation error.

A system subjected to white noise is showFigure 2.1

Frocess noise £

Reference .
Controller ——m{ Flant llr

Sensor

Measurement noise &

Figure 2.1. System subjected to white Gaussiarenois

The state model for the system showifrigure 2.1is

X = Ax+ Bu+é& (2-2)
z=Cx (2-3)
y=C,x+8 (2-4)

It is assumed that the average values of both drses,¢ andd, are zero and there
is no correlation between them. Power spectral iieasf the noises ar®, andPy

respectively.

E{(§ =B H 0O zero mea



spectrum EG)E( M= @ £ )T = BB
E{ADE (T} =RA t-T; B= D Dy

In order to represent both process noise and measmt noise by a single vector, a

new noisewy is introduced such that
¢ = Bowo, € = Dagwo, (2-5)
E{wo}=0, E{wo(t)wo(z) }=1 5(t-). (2-6)

The objective of Kalman filter is to minimize thest functional )y, i.e., mkin NI

whereJ, = ED g(Dd) dﬁ , €= estimation error.
0

This is done by solving the Riccauation 2-714, 16, and 28].
(A-BD,R'CQPrRABD BRQ'- PCR CP B4 B R Q B0

(2-7)
Filter gain,L= - (BoD2o' +PC,)Ry™ (2-8)

HereRy,=D 20D20T.

2.3 H, Filter

Considering the case where the model parametersuragertain and bound to
change with time or processes, a filter which talkés account these uncertainties
while estimating the state variables is requiredt. gtich a model, Hfilter needs to be
designed to make the state estimation robust togdsin model parameters. A model

subjected to parameter uncertainties is showsigare 2.2



Model Uncertainties

— wl j
Reference - ) )
Controller ——m{ Plant Il-

Sensor fH——

Figure 2.2. System subjected to parameter unceytain

The system is described by the following state spacdel

x= Ax+ Bw X0)=0 (2-9)
z=Cx+ Qv (2-10)
y =G, x+ D,wW(Y (2-11)

B;, Diu and D,; are the weights given to the uncertainty distudeam(t),

depending on its effect on the system performance.

The H. filter problem is stated as:

Given ay > 0, find a causal filterF(s) /7 RH, if it exists such that

212
PR LN . Y
WOL[0.%) v,

The H, filter problem is considered as a special problem with no internal
stability requirement compared to,Hontrol. Using Theorem 14.8 [15], suppose

A-jal B

(Cy, A) is detectable am{ } has full row rank for alkw. Let D,; be

2 21

10



H Y D11 Dlll D112
normalized andD4, partitioned conformably SD = 0 E

21

Then there exists a causal F{$)RH, such thatl<y® if and only if & = (D) <y

andJ,.[J dom(Ric) withY,, = Ric(J,)>0 where

SR

e 2 oH S S e[ g
) _BlBl* - —BiDﬁ _aADz*l DllBl C2

Y, is the stabilizing solution to

LA+HAL+HY(? €G- ¢ QX+ BBO (2-12)

Then a rational causal filter F(s) satisfylﬂngy2 is given by

A+L,.C,+L,D,C, -L,-L,D
z=F(9 y:{ LZS_ZDLloé 1122 aoD b 112}/, (2-13)
1 1122 112
where [L,, L,]:=-[BD;+Y,C, BD,+YC]|R (2-14)

When D=0 and BD»; =0

5= [A'Y&q G XOQ} y (2-15)

Herey is the design parameter which decides the limirofertainty which could
be tolerated by the filter for good performancewko the value ofy, higher the

tolerance of the filter towards to model uncertaint

11



2.4 H, Gaussian Filter

In the practical case, a system is subjected tb, bohite noise and parameter
uncertainty. It is known that the Hand Kalman filter performances conflict each
other. The Kalman filter is designed to achievedperformance against Gaussian
noise and is model dependent, sensitive to paranvergations. The H filter is
designed to handle parameter uncertainty consiglemorst case scenario and does
not give good performance with stochastic whitesaoiThe performance of one can
be improved only by sacrificing that of the othierorder to achieve a good estimate
when the system is subjected to both types of diahces, an H Gaussian filter is
designed based on constrained optimization reswltHy, optimization design. This
filler design uses a paramejemvhich decides the weight that is given to the
performance of each type of filter and thus obtairssiitable balance between the two

performances.

The H, Gaussian filter[F(s) is formulated by considering the system shown in

Figure 2.3

Gis) e=7-Z
(g Wy b
3 > =)
L 5 M
v Fi(s) |
Gl

Figure 2.3. System subjected to both white noisep@anameter uncertainty

The system, G(s) defined by the state equations:
%= Ax+ Bw+ Bw %0)=0 (2-16)

% =GX (2-17)

12



z=GCx (2-18)
y=C,x+ Dow; R= DDy (2-19)

where x(t) O R, y(t) O R, z(t) O R*, w(t) 7 R*(bounded power stationary
sighal-uncertainty\wo(t) ZR? (white noise signal)E{ wo(t) } = 0, E{ wo(t), Wo'(z) } =
16(t-7).

The filter F(s) is in the following given form

k0= A+ LGX)- ¥ ) =( A LG ()~ Ly) €0)=0 (2-20)
26=GX(9 (2-21)
2()=GX(9 (2-22)

L is the filter gain such that estimategt) and z,(t) is made as close as possible
to z(t) andz(t), i.e, minimizee(t) andey(t).

For optimization purpose, the following cost functals are defined, givenye>0.

(00, 0= tim ] (12wl - ") o 2-23)
JAFMML%U»=£@;%}ﬁH%Mﬂd1 (2-24)

F is expected to be stable. Therefore we call Ehas an admissible filter if its
transfer functionF(s) /7 RHw. To formulate the H Gaussian filter design problem,

we need to find an admissible filtér in the given form oéquations 2-2@0 2-22and

a worst disturbance signat(t) such thad,(F,w (t), w (1)< J(F, W1, w(9D)for Hy

performance andJ,(F,w (t), w ()< J (F, w(?, w(9) for Hy optimality hold for
all F and allw(t) Z/P.

By using Theorem 4.1 [16], for the given target sgsiG and the cost functiondl
andJ,, let(C,, A) be detectable. If there are stabilizing solutiBps0 andP2> 0 for

13



(A-BC'R'C-BD, R"Q" > PA PCR ¢ B R By° PBB
+C1C =0
(2-25)

(A-BD,R'C+y"BER R+ R A BD, B Gy’ BBP- PECR C
+Bo(| - Don Ro_l Dzo) BoT =0,
(2-26)

where R, = D,,D,, .The filter gain is obtained by solving these 2 cedpRiccati

equations 2-21 and 2-Z2r P; andP, and the gain is
LD = _(P2C2T + Bo Don) R)_l (2_27)
The filterF* is

x)=(A-RG'R'G- BD; R Q"t( PC+ BLD) R (%{(®=0,

(2-28)
2H)=GX9Y (2-29)
(0 =GXY (2-30)

and the worst disturbance signel(t) = y?B" Pe()=y?B" R x Y- "k under

white noise achieves

Jy (R wy(t), w (D) < J (R, w(D), w(D) (2-31)

Jo (R (D), wp (D)< J,(F, wi(9, w(9) (2-32)

The design parameter, is chosen so as to fulfill the performance reguients of
the system towards white noise and uncertaintyusnces. Asy—o, the
performance of filter towards white noise improvagproaching kifilter. Lower the

value ofy, better the filter performance towards model unaetya

14



2.5 DC Motor Model

A Permanent Magnet DC (PMDC) motor is considerag.hEhe DC motor may be
represented electrically by a resistance in semiés an inductance. When the rotor
rotates, due to the electromagnetic induction, ekbamf is generated which is
proportional to the speed of the rotor. Motor beamgelectromechanical system has

electrical and mechanical laws governing its fuocti

Td

Figure 2.4. DC motor system

FromFigure 2.4 applying Kirchhoffs voltage law,
. di
vV, =i,R + Lad—:+ K.w (2-33)

The generated torque is proportional to the curflemting through the armature as

the field excitation is fixed in a PMDC.

Balancing the torques acting in the system

. dw
K., :JmE+ B.w+T, (2-34)
Thus the general state model for a PMDC motor is

x = Ax+ Bu, (2-35)

y=GC,X, (2-36)
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R _K 1

a=| = LlesT .G =[1 q
K Bl g
'Jm ‘Jm

Since the load disturbance torque is an externgitaglictable factor and cannot be

modeled, it is considered as an uncertainty disiucb and is not included in the

general state model.
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CHAPTER 3

LOAD DISTURBANCE TORQUE ESTIMATION FOR MOTOR

DRIVE SYSTEM

The observer for the motor model is designed byidensg the state space model of

the system.

3.1 Constructing State Space Model to Design Obsa&awv

When constructing the state space model of theesy$d design the observer, some

factors must be considered.

B The state model should be observable
Condition for observability should be satisfiedg, irank of observability
matrix, O, should be equal to number of states,

O=[CCACAK....CAY": rank(O) = nfor an observable system

B The variables to be estimated and their relatiorthwihe state variables.
Care should be taken to see that there is no reshaydwhile selecting the
state variables. For example in the DC motor c#se,disturbance torque
acting on the motor shaft has the relation withrexnir and speed as shown in
equation 2-30 When there is no other specific equation whiclings its
dynamics with respect to the other 2 variablesgannot be selected as a state

variable without having redundant equations.

B The disturbances acting on the system
The effect of the disturbance on the system is dened while designing the
state space model and is expressed by assignirigerhigeights to those

disturbances which affect the system more thaothers.

17



B Open loop estimation or closed loop estimation
In open loop estimation, the controller dynamicsn® considered when
designing the observer. When a closed loop estimetodesigned, the
controller transfer function is also consideregas of the system whose state
variables are estimated. The system state modaeiltsrciuding the controller
parameters [17]. Open loop estimation can be usedniy situation while
closed loop estimation may be better in cases aftsmotors where the motor

controller and motor is available as a single unit.

3.2 Observer Design

As the required variable to be estimated in th&eda the disturbance torque acting

on the motor shaft, a law which relates it with gi&te variables is used.

T, = Ktia—JmCL—Ctd— B.w (3-1)

In this case the load dynamick,andB, are also included in the estimationTof
When it is required that th€&; estimate includes only the external load distuckan

torque,equation 3-1is changed to
Ty = K= 9052 (8,+ B)w (3-2)

whereJ,, B, = equivalent load inertial and viscous friction stants on the motor

shaft.

The observer model is a replica of the system meital faster dynamicslable 3.1

shows the state space model of a general systemtsawvinserver.

18



Table 3.I State space model of a general systenitatbserver

General System model(excluding external disturbgnc®bserver model

x= Ax+ Bu x= Ak+ L(y- y+ Bl
Z:QX 2:q_3(
y=GC,X y=CX

Here x = state variablegy = inputs,z = desired outputs; = measured outputs, =

filter gain.

The observer model used for the DC motor is shawsigure 3.1.

b Bu
+/\.
» | FaxLGyBu
+ Integrat [
'1IUm ’—’ niegrator
Td }47
ATy
. o @

A ?}:K:iﬂ‘vrmg‘gn?

L™ u I: —
¥
L

Figure 3.1. DC motor observer design

Here the disturbance torque is considered as agrrattdisturbance, which is
estimated and fed back to update the model dynaniibss feedback loop is
important as it updates the system states consglénie last obtained disturbance
torque estimate. Without this loop, the model doed consider the effect of
disturbance torque on the state variables. Thex fijlainL may be designed by using

different methods depending on the types of distacks affecting the system.

19



3.3 Luenberger Filter

The Luenberger filter is designed based on the moiadel alone, and does not
consider any unmodeled disturbance or externabfacihe model used to design the

Luenberger filter is the general motor model gibbgrequations 2-3and2-36.

As a rule of thumb, the poles of the observer aeally chosen to converge 10
times faster than the poles of the system. Howthagrresults in very high observer
gains which lead to peaking phenomenon where thaliastimation error is too high
leading to instability. So the poles of the chagdstic equation are selected such that
the error dynamics is quicker than the fastest oyosi in the system, which in this
case is the current dynamics. The current dynamigaeasured and the electrical
frequency,fe (reciprocal of electrical time constant) determin&te filter gainL is
designed by placing the poles of the character&ijication greater than a factor of at

least 2-3 time&..

3.4 Kalman Filter

In the DC motor, white noise originates from thencoutator, when the brushes
make and break contact with the commutator, vibmatiPulse Width Modulated

(PWM) control signals, measurement noises etc.

The motor model used to design the Kalman filteform of equations 2-3%and

2-36is given as

R _K 1
i.a L L, [, N _L_ V + 23
W - ﬁ E w Oa t a)V\{J ( - )
‘]m m
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B

y=[1 0] Rﬂ + D, W, (3-5)

The weightD,g is set by measuring the covariance of measurenase,Py. The
process noise covariance is relatively difficultmi@asure. The motor is subjected to
unmodeled disturbances; hence the sensor outpubis reliable than the process
model. ThusQ is chosen to be larger th&g and tuned by trial and error methods.

The Kalman filter gain is then computed usegation2-7 and2-8.

3.5 H,, Filter

It is seen that resistance is one of the majorrpater uncertainties in a DC motor.
Friction between brushes and commutator leads & webrushes and the effective
resistance is found to increase with time. Also nvttee motor is energized, increase

in temperature due 18R loss causes the resistance to change.

The motor model used to design fiter is

N L R 1 ~Sw 0
I La La Ia T a
al= + L |V + w (3-6)
a)_ ﬁ E W 0 O —iw

‘]m ‘Jm Jm ?
z= L O, + D,w (3-7)
10 1w ™

} +DpyW (3-8)

21



i AR
The disturbance vectow is taken assv{ aT a] T4 is considered as one of the
d

uncertainties. B} and D; are considered to be zero. The weightsand w, are
chosen depending on the significance of the pdaticuncertainty on the model

performance. The filter gain is then calculatechgsiquations 2-120 2-15

3.6 H, Gaussian Filter

The motor model for designing the,H5aussian filter is built by combining the

models used for Kalman and, Hlter.

O |RK) 1 1w o
bl b La | Ta f L V. + + L w (3-9)
w| | K, B, || a [ r B 1
L R 0 0 -—w,
‘Jm JI’T'I ‘Jm
zz{l O}{'a} (3-10)
0 lj|w
i
=[1 0| *|+D 3-11
y=[ ]u 2oy (3-11)

The above model is used to compute the&hussian filter gain usingquations
2-25t0 2-27. When the inertia of the system is very low intiiog very fast system
dynamics, it is seen that a higher valueyofs required for stable solutions to
equations 2-2:nd2-26. This shows that observers designed for low iaesyistems
show better performance towards white noise ansefetlerance towards model

uncertainty.
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CHAPTER 4

CASE STUDY — FAULT TOLERANT CONTROL OF ELECTRIC

POWER STEERING

The application of motor disturbance torque estiomain fault tolerant control of

electric power steering (EPS) is explored in timapter.

4.1 Electric Power Steering System

The working of EPS can be explained by udtingure 4.1

= Tdriver

T

_“'%1 Torzion bar torgue sensor

| Ti=

CAMN bus signals, Wx
- EPS
ECU

EPS Mctor (searbozx

ER AR

Steering Rack and Pinion

Figure 4.1. Electric power steering model
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The driver applies a torqué&giver to the steering wheel. This torque is transmitted
to the steering rack and pinion through the toréian The torsion bar deformation is
sensed and the driver input torque is measuretidyorsion bar torque sensor, which
sends an equivalent voltage sigriad, to the EPS controller. The EPS controller uses
the signalTis and the vehicle speed signal to determine the amotassist to be
provided by the motor, then sends an approprigpeasito the motor controller. The
EPS motor is thus controlled to provide more assidbw speeds and less assist at
high speeds to provide better road feel to theedrithe EPS motor provides the
necessary torque through the gearbox to the steeatk and pinion which steers the
vehicle wheels accordingly. When a fault occurshwite torsion bar torque sensor,
the EPS controller assumes no driver torque signakent and does not power the
assist motor. This turns the EPS system to marteatisg requiring the driver to
provide the entire steering torque. This is an sirdble situation. To make the EPS
system more reliable, a fault tolerant control gsmotor load torque observer is

designed.

4.2 Electric Power Steering Model

The EPS model is shown kigure 4.2

C1 = motar cantraller — e —— o — — _I
2= EPS controller & Td T )
3,67,58,69 - moter subsystems nlis+E, | Motor + Rac
TS - torque sensor .)LS+BM and Pinion

n=gearbox ratio
Tt=tarzion bar torque senzorsignal

']

S - steering wheel I o) o0 | Dynamics
|
|

|
Jeqs+3eq, E I angle

Figure 4.2. Electric power steering model in Simkli
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The blocks inFigure 4.2can be explained as followSgriver is the torque exerted by

driver to control the vehicle directiom is the torsion bar torque.

Steering Wheel Dynamics (SW)
The steering wheel inertia and viscous friction mhaiaffect the dynamics of the

steering wheel angle for a steering torque apiiethe driver.

8. _ 1
_Tts ‘]hw82 + 31WS+ K]W

G, (9= (4-1)

T

driver

Jw, Bnw and Ky are the inertial, viscous friction and stiffnessnstants for the

hand-wheel@h, is the hand-wheel angle.

Torsion bar Dynamics (TS)
The difference between the torques at the two endise torsion bar causes a small
deformation of the torsion bar. This deformationnieasured and converted to a

voltage signal representing the mechanical torquihé torsion bar torque sensor.

Gu(9 === Byt K,
s (4-2)

™ (4-3)

Bis andKs are the viscous friction and stiffness constaffitthe torsion bards is the
deformation angles, is the pinion angle. The torsion bar torqilig acts on the motor
shaft and driver steering wheel. The electricahaigf the torsion bar sensor is sent

to the EPS controller, C2, which may be designed sisnple proportional controller
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or H,, controller if model uncertainty is considered [29]

Motor Controller (C1)

Motor controller is a simple PI controller whichassthe output of the EPS controller

as the reference current for required torque.

G = Kps+ K
’ s (4-4)

Motor Subsystems
G3, G7, G8 and G9 are motor subsystems [18, 18kjplsined here.

Motor Dynamics (G3)

[ J.s+B,
G3(S) =2 =

vV (st B)(Lst R+ R+ KK 4-5)

Equivalent rack and pinion dynamics (G7)

G(9=" = 1 4-6
TG, s (B A D) o

HereT is the total torque acting on the rack and pinion.

T= Kt ia +Tts + Troad (4_7)

Torgue/Voltage Conversion (G8)

GB(S :V_d :L (4-8)
T, J,st B,

Herevy is the disturbance voltage due to the disturbamapie, Ty.
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Speed/Torgue Conversion (G9)

Gg(s):wl: (3, s+ B)
b (4-9)

Having obtained the model of the system, the faml¢trant control is designed.

4.3 Fault Tolerant Control Design

It is seen that the torsion bar torque is availahléewo forms — electrical and
mechanical. While the electrical signal is senthie EPS controller, the mechanical
signal acts on the EPS motor shaft and also ccualterces the torque on the
hand-wheel. When a fault occurs with the sensoly tre electrical signal is lost
while the mechanical torque continues to act. Thysestimating the disturbance
torque acting on the motor shaft, the torsion bague signal can be reconstructed.

The fault tolerant control design is shown in Feydr3.
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The following equation shows the relation betwdantorques acting on the motor

shaft

r]Tm + Troad + Tts = Jr[ﬁ‘)p-l_ Brr{up (4_10)

From theequation 4-10Qit is understood that the load or disturbancegueracting
on the motor shaft is composed of road reactioquieIT,oag, tOrsion bar torquels

and the rack and pinion reaction torquig,

With this knowledge, the equation that relatesdistéurbance torque on the motor

shaft, Tq, to the steering torque commarid,is formed.

_Tts + Troad + Trp
T, = o (4-11)

Thus by estimatingly and Tieag, Tts Can be reconstructed,, can be calculated

separately using the equation

T = Jp @y + By 0, =

Y (4-12)
n

The pinion speed and acceleration is obtained friib motor speed and

acceleration estimates from the observer.
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By rearranging equation 4-11, the torsion bar terdik is estimated by using

equation 4-13

Tts = _(an - Troad - Trp) (4'13)

The fault in the torsion bar torque sensor is detéby calculating the residu&s

Rs =

T.-T,
ts IS‘ (4_14)

Here Tys is the measured torsion bar torque signal fromstesor andTAts is the
estimated value obtained froeguation 4-13When the fault residuaRs is greater
than a threshold valu&, that indicates a fault occurrence and the esda'dmilalue'ftS

is used by the controller in place of the measwa&de. The threshold valu& is
determined from experiments to ensure that the ISTdbne only for hard fault such

as the complete failure of the torque sensor andonslow drifting faults.

EPS Controller (C2)

The fault tolerant control (C2) structure is shawirigure 4.4

Estimated T,
¥
(R, =

(Measured TI‘

T, T,

Switch,
— threshold, K H_. controller

Figure 4.4. Fault tolerant controller structure

30



The fault residual is computed and the measuredevgets replaced by the
estimated value when the residual exceeds thehibicesalue. An H controller is
used to account for the system uncertainties. Tow@raller is designed by first
considering the plant alone excluding the motor ésaontroller. To design the H

controller, the entire plant and controller is disl into 2 sections as shownHFigure

4.5
EPS
| Motor+ || |
Q Congzller Pl controller Plant
C2M

Figure 4.5. Simplified model of system to desigrcehtroller

The controller section C2M (sddgure 4.5 is composed of the plant controller,
motor controller and motor. Thetontroller is designed for the remaining plant][19
Once the C2M system model is obtained, the motdrcamtroller model is separated
from it leaving behind the controller for the plahi, controller provides more robust

control hence it is used instead of a normal Ptrodier.

Motor Disturbance Torque Observer (F)
The disturbance torque observer is designed bygugia methods explained in

Chapters 2and3.
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4.3 Road Torque Estimation

From equation 4-2 it is seen that the signal values required tmmstruct the
torque sensor signal are torque on motor shgfénd road reaction torqu&yag. The
motor observer gives an estimate of the torque otonshaft. The vehicle dynamic
model is used to estimate the road torque [12, PO road reaction torque itself is
composed of different components. The major compbré road torque which
affects the steering is the tire aligning momertte higher frequency components of

road torque are neglected, so that it does notuysedteering vibrations for the driver.

The vehicle dynamics equations and the variousatsgavailable from the other
systems in the vehicle such as the Inertial NawwgaSystem (INS), Electronic
Stability Program (ESP), used for vehicle stabibiyd Global Positioning System
(GPS) are utilized to estimate the road torquge These systems communicate with

each other using Control Area Network (CAN) bus.

Forces and moments from the road act on eachftifeeovehicle and influence the
dynamics of the vehicle. The force the tire recgifrem the road is assumed to be at
the center of the contact patch between the tick raad and can be decomposed
along the three axes as showrFigure 4.6 As seen irFigures 4.6and 4.7, it is the
lateral force,Fy and the aligning momenM, which affects the orientation of the
wheel and thus the direction of the vehicle. Therk tire force is proportional to the
slip angle, the angle between the orientation ef tire and the orientation of the
velocity vector of the wheel, for small slip angld$e lateral tire force versus slip

angle is shown ifrigure 4.8.
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longitudinal axis of the
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tire

Figure 4.7. Relation between steering angle anddhges acting on the tite

4000, ; ' Direction of
Travel
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Figure 4.8. Lateral force vs slip angle

! Reprinted from “Vehicle Dynamics and Control”, by &t} Rajamani, Springer,2005[20]
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The linear operating region of the tire deformatiam be modeled as

F,=C,a (4-15)

The proportionality constan, is called the cornering stiffness, is a property of
the tire and is mostly independent of the amouriirefgrip available, which depends
on the coefficient of friction between the road dind, x. It is seen fronfFigure 4.8
that as the slip angle increases to higher valines|ateral force begins to saturate.
That is if the vehicle is maneuvered aggressivitilg, lateral force saturates due to
limited friction between tire and road surface,uteésg in the loss of control over the
vehicle. In the worst case of a completely frictems surface, the direction of travel

does not change even when the wheels are turnéuk ésteral force does not change.

The total aligning torque is proportional to thielal force by the distance the force
is applied from the steering axis, known as thaltiv&il. The trail is a function of the
mechanical trailt,, as well as the pneumatic tray. The pneumatic trail is the
distance between the resultant point of applicatibfateral force and the center of
the tire and it depends on front slip angleand the two tire paramete@; and u.
Mechanical trail is the distance between the terter and the steering axis and is a
constant function of steering geometry. For smigl angles it is seen th& can be

considered as a constant too.

Thus, total alignment torque which tends to brimg Wwheels to center position is

Talign = _(tp+tm) I:y,f = _(tp+tm)caiaf
[l (19
Vx

wherety = (tp+tm) Car. Thus the tire aligning component of road torquebgained

from the vehicle parameters and the tire slip anghe tire slip angle is calculated
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from vehicle velocities and yaw rate. These sigmals be obtained from the INS

which is used for vehicle stability systems. Thecederometer and gyroscope

measurements from the INS are integrated to obaiv andy .

V, =V, (0)+ j a, dt (4-17)
V, =V,(0)+ [ a,dt (4-18)
W =y(0)+ [t (4-19)

The motor shaft position signék, is then used to obtain the steering adgle

5=(nné, (4-20)

However, integrating the gyro and accelerometersonesments) ,a, anday results

in drifting yaw rates and velocities which can eided by using high speed, precise
rotational equipment, which is very expensive. Astds an issue in the automotive
industry, this problem can be solved by using aapke two antenna GPS system.
Absolute measurements of the slip-side anglean be obtained from the GPS which

can be used to calculate the lateral velocity aawl sate.

The slip-side angle is defined as the differendsvben the vehicle yaw angley

and angle made by the velocity vectarBoth these values are measured in a two

antenna GPS.

B=y-y¢ (4-21)

[=tan™ (&J (4-22)
VX
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V, =|V|cosB (4-23)
V, =|V|sinB (4-24)

where|V| is the absolute velocity of the vehicle.

The vehicle yaw rate is obtained directly from eliéfntiation of the GPS yaw angle.

Y=—y

d
dt (4-25)

The GPS signals fromquations 4-210 4-25 could be used exclusively to calculate
the tire slip, however, the refresh rate of GP3ag is slow, about 5Hz, thus making
it insufficient for vehicle stability control or E3?application. Thus the GPS signals
are used to update the values of the faster INGageriodically in order to correct

the integration drift.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Hardware in Loop Configuration

Hardware in Loop (HIL) testing is used to check trerformance of a system
design subject to real world loads and disturbantles designed model could also be
tested in extreme conditions to see how well iiret its desired performance under
those conditions. In HIL simulation, only the desg system is composed of
hardware parts, the remaining plant dynamics aogiged by software. This testing
helps in obtaining the required data before implaimg the designed model in an
actual system thus saving cost and time takenstalte efficiency of the design. It is
also suitable in cases where testing the desidgherentire system is not feasible due

to physical constraints and safety reasons.

The HIL test bench setup to test the proposed desighown irFigure 5.1

i Current Sense Circuit

EP S motor conbrol

Motor H-Bridge Driver

z

|

E

=)

- —
B

CarSim signals i
for dyno toryue E
comirol o

Loy Gearhox

Figure 5.1. HIL test bench configuration
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The test bench was set up for the general motdurbesnce torque estimation
experiment; at the same time considering the torggeirements in the EPS case
study. For this purpose high torque DC motor wasduss the test motor and a high
torque Induction motor capable of delivering théuatroad torque was selected as

the dyno.

5.1.1 DC Motor

A 12V, 50 A, 400W Bosch DC motor is used as the mestor. The motor has a
nominal torque rating of 1.2Nm. A gearbox is atetho the motor shaft to provide

more torque to the load.

The model of the motor is complete only when theapeeters of the motor such as
Ra, La, Jn, Bm, Ki andK, are available. These parameters are the desigimpéers
which shape the performance of the motor for défferapplications. For example a
low resistance, relatively high; motor indicates a motor which has high current and
torque capacity. A motor with low viscous frictidy, will be able to attain higher
speed limits. Most of the motors available in tharket have these parameters
available in their documentation. But some mototsctv are designed for specific
purposes such as motors used in automotive inddstrpot have these parameter
values available and it is required to determires¢hvalues to obtain the complete

motor model to design the observer.

Method to determine DC motor parameters

Armature Resistance
A small voltage,V; is applied to the motor terminals and the rotoblscked. The

current through the motol, is measured using a shunt resistor. The readirgs a
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taken once the current reaches steady state quasktite rotor may heat up slightly

causing the resistance to change.

Ra = Vi/la (5-1)

Armature Inductance
A low amplitude sinusoidal voltage of frequenay,is applied to the motor terminals
and the rotor is blocked. The current is measuret @otted comparing it with the

applied voltage. The lag between the two variaidesieasured and the phase lag

angle, ¢ is calculated from the voltage and current plbtss inFigure 5.3

Figure 5.2. Applied Voltage and measured motor enirplots to determine lag angle.

The phase lag angle is calculated from equation 5-2

:i’T

sine

TL is the time period of the sine wa (5-2)

tan(g)= X, /R 00 L, = R tan(¢) iw, (5-3)
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An alternative method would be to measure the ati@enplitude,l; and the applied
voltage amplitudeV:.
ImpedanceZ = VI, (5-4)

Inductance L, = L [77- R? (5-5)
w

f

Electrical Constant and Mechanical Constant
In a DC motor, the electrical constal, (V/rad/s) is equal to mechanical constéat,
(unit Nm/A).The motor is operated at low steadytestspeeds and the voltagé,

current,l, and speedsy are measured.

K, =% lRe (5-6)
w
Ki = Ky (5-7)

This value ofK; could be checked by applying a small voltage éorttotor and then
determining the minimum amount of torque requireairf the dyno to block the
motor. The currenti, and the minimum dyno torqué& for blocked rotor condition is

noted.

“a
m=|”

; n is the gearbox ratio (5-8)

Viscous friction constant
The voltage applied to the motor is increased eépstand the speed,and current,

|, are measured at steady state conditions.
Ki la = Bmo + K (5-9)

By linear regressiorB,, andK: may be determined.

I nertial Constant

A step voltage is applied to the motor to run th@anat rated speed. The mechanical
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time constantty, is measured.

J=tuw*B (5-10)
Each experiment is repeated 2-3 times and the gedaken to get more accurate

values.

5.1.2 Motor Controller Configuration

The motor controller system is shownFkigure 5.3 A PWM controlled H-Bridge
driver board is used for bi-directional controltbe motor. The shunt resist®snunt
used for current sensing is connected in seriels thé motor. The motor controller
used in this case has a current sensing circuipifotection purposes; however, the
current measured by it is the current flowing froime power source to the driver
board which is not equal to the motor current duthe PWM control (Appendix B).
So when a PWM motor driver board is used, the gishown inFigure 5.1is used to
measure the current magnitude and direction. Simeeshunt resistor has very small
resistance in the order of milliohms, an amplifegrcuit is needed to amplify the
voltage drop across the shunt resistor. An instniat®n amplifier is used for this
purpose. The output voltage of the amplifier isgamtional to the current flowing
through the motor, and its polarity changes as dineent direction switches. An
instrumentation amplifier is preferred over an oppaas it has better noise rejection
with high Common Mode Rejection Ratio (CMRR). Theasured current is sent
through a low pass filter to remove white noise gApdix C) to obtain a better

current profile.

The measured current is given éguation 5-11

| = Yo (5-11)

G |:Iihunt ’

Vo is the instrumentation amplifier output, G the &firgy gain.
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Figure 5.3. Current Sensing in a PWM controlled HdBe PWM motor driver circuit
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The relation between the analog control inpt,to the driver board and its output,

Vmis used to determine the voltage applied acrassitbtor.
V,=-4.8V, +12 (5-12)

Vin is the control signal sent by the Opal-R7, is used by the disturbance torque

observer in its computations.

5.1.3 Dyno Motor

A 5hp, 3 phase, 240V, 22A Baldor Induction motoused as the dyno. The full
load torque rating of the motor is 20.18Nm. An AGtor is selected because the load
torque requirement is quite high; about 20Nm. UsirigC motor for such high torque
would require a bigger machine with higher poweagureements. Considering the
space, power and performance issues, a 3 phasetiodumotor is selected to

simulate high load torque.
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5.1.4 Dyno Controller Configuration

A vector drive is used to control the torque of thy@mo. The configuration used by

the dyno controller is as follows

Operating Mode: Bipolar, Open loop vector mode

Operating zone:Quiet variable torque, 8kHz PWM (Appendix C)
Command source:Analog Input 2

Analog Input 1: Current Limit source, 0 to 10V

Analog Input 2: Torque signal, -10V to +10V

The drive control is operated by the opto-isolatagital inputs J2-8 to J2-20 shown
in Figure 5.4.The opto inputs can be switches or logic signklansistors were used
in this case to switch the inputs on and off irstbase, as it can be controlled by

analog signals from Opal-RT.

J1 _J2
l_ ] TR —— FUI'WGE?%:I_I?. g ] Ene_mle
— 1 | UserAnalog Return e | 9 | Digital Input 1
= | 2 | Analog Input 1 T ey ‘:? g!gnﬂ:::ﬂpuig
— L npu
—{ 3 | Analog Ref. Power + = Speed/Torque | {5 / Diﬁaaimgui p
— 4 | Analog Input 2+ Lo _g:::ﬁ% 13 | Digial Input 5
—{ 5 | Analog Input 2 o—5Faull Resel | :; g:ﬁﬂ:ﬁﬁ:ﬁ?
— & | Analog Output | o—o— Extemnal Trip | {g | pigital Input 8
— 7 lAnaing Output 2 ¥ 1 1 Digital Qutput 1 +
=== — 18 | Digital Output 1-
19 | Digital Output 1 +
—{ 20 | Digital Output 2 -
Amnalog Input - Signal for terque and speed control Digital switches for control confizuration

Figure 5.4. Dyno driver control inputs
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The torque in the dyno is controlled by analog inguand the direction is
controlled by the digital switches FWD and REV. positive torque, a +ve signal is
sent through Analog 2 and the direction is selee®dWD. For negative torque, a
—ve signal is sent through Analog 2 and the RE¥diiion is selected. The relation

between the control signal; sent to the dyno and the torqdigin Nm) is

T =3.6V, + 0.03¢ (5-13)

The model used for dyno torque control is showRigure5.5.

5
[5 0] .:_— ::\

- — Enable
o Sign test zero

> Fin'D»
1 %} .:,.-" "'Ir | (U-0.0250326 ' A
Cyno tarque =
Dead Zone Tarque ta voltage threshold==0
COnwersian REY
[N

Cyno torque contral signal

Figure 5.5. Dyno control block in Simulink

5.1.5 Gearbox/ Speed Reducer

As high torque, low speed is required at the load, @ speed reducer is used. A
20:1 ratio Baldor speed reducer is used to amgt#ymotor torque to sufficient levels.
The speed reducer is designed such that the tdtgweis permitted in only one
direction from high speed side (input) to low speetk (output). This design is for
safety reasons to ensure that the load does nat the input under any condition.

The specifications of the speed reducer are ginéxppendix A.
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5.1.6 Torque Sensor

Atorque sensor is used to validate the estimagsults of the designed disturbance
torque observer. The torque capacity of the seisd6 Nm and is capable of

withstanding 150% overload. The sensor specificat@re given in Appendix A.

The sensor operates as any other strain gage semewiding mV/V output for
torsional force. When the motor is operated witHosml torque acting on the gearbox
shaft, i.e., dyno in off condition, the output dfet sensor is zero as there is no
torisonal force on the torque sensor shaft. Whetlyrzo torque is applied to the
gearbox shaft during the motor operation, the terqeasured by the torque sensor
divided by the gearbox ratio gives the disturbatwrgque acting on the motor shaft.
This signal is compared with the observer torqumali However when the dyno
torque exceeds the blocking torque of the motas, ddditional torque is not reflected
on the motor shaft and under these conditionsdisteirbance torque estimate would
differ from the measured torque sensor value. Duethe gearbox design of
unidirectional torque flow, further increase in dytorque, does not reflect on the
input side of the gearbox, i.e, the motor shaftilevih continues to act on the gearbox
output shaft. As the torque sensor is connectedidsst the dyno and gearbox, this

torque is measured by the torque sensor.

The torque sensor also includes an encoder wigs@ution of 512ppr. To measure
high speeds, the sampling time of the measuringcdeve., Opal-RT analog input, is

made small enough to count each pulse.
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5.1.7 Opal-RT Configuration

The Opal-RT is configured to run at 1ms step size the data is stored by using
the Opwrite data logging block. The Opal-RT is dapaof maintaining real-time
computation upto step size 2B0 A step size lower than 2% causes the
computation to slow down, affecting the HIL setédigebraic loops are not permitted
in Opal-RT computation, so a data store memorylbisaised to store the estimated

torque data, from which the data is then read dutie computation.

5.1.8 EPS Case Study- CarSim Configuration

CarSim provides the vehicle dynamics data to siteulae load torque on the EPS
motor shaft and also the signals used to competeddd torque to be used for torque
sensor signal estimation. The input and outputd bgethe CarSim block is shown in

Figure 5.6.

O—
Crriver Steering Signal

Carsim S3-Function
Yehicle Code: i_i

Theta rp benchmark
Figure 5.6. CarSim block input and output parameter

The input to the CarSim block, the driver steergignal may be configured as
steering wheel angle or torque. When it is requitedse torque as input to CarSim
block, the OPT_STEER parameter must be set ashki®ver-riding data block after
checking the “More” box as shown Kigure 5.7.0ther parameters such as column
and rack inertia and viscous friction coefficieoé also be set to user defined values

in this block.
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The outputs of the CarSim block are taken as theitel right wheel steer which is
used to obtain the pinion benchmark, the road i@atbrque to be used by the dyno
controller, yaw angle, longitudinal and lateral egpdor computing the road torque to

be used by the FTC controller to estimate the ®pnsor torque.
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5.2 RESULTS

The HIL results for load torque estimation are shdwre. The performance of the
observers discussed i@hapters 2and 3 are compared. Measurélg is the data

obtained from the HIL test bench torque sensolecedd on the motor shaft side.

Test 1: The motor current is controlled by applying a refee current profile as

shown inFigure 5.8 and the controlled dyno torque is showrrigure 5.9

25
Measured Current
=-=- Reference Current
20F B
15 B

Motor Current(2)
=]

st :
0 ; i i
-5 1 1 1 1 1 1
0 10 20 30 40 a0 &0 70
Time(sec)
Figure 5.8. Motor current-test 1
2

Diyno torgue acting on gearbox shaft (Nm)

1 1
a} 10 20 30 40 50 =il 70 a0 a0
Time(sec)

Figure 5.9. Dyno torque-test 1
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Case 1:Load torque estimation with nominal parametersldse observer design.

The estimated load disturbance torque is showhigares 5.10, 5.15nd5.12 The
disturbance torque estimate using Luenberger fétshown inFigure 5.10 It is seen
that the system noise affects the estimate, waletimated signal having more noise
than the measured torque sensor signal. TheHd Gaussian and Kalman filters are
compared inFigure 5.11 The weights used in the uncertainty matrixeguations
3-6 ,3-9 are w=1, w,=0.1. The magnified view of the estimates from 80 ® 40 sec
is shown inFigure 5.12 It is seen that the difference between the 8rfltestimates is

very low, about 0.02 to 0.05.

I:IE T T T T T T
teasured Td
sl ---- Td with Luenberger filter | |
0.4t : _
:

g

Disturbance torque acting on motar shaft(MNm)

_|:|3 1 1 1 1 1 1
1] 10 20 30 40 50 &0 Fit]

Tirne(sec)

Figure 5.10. Estimated disturbance torque usingribggger filter- test 1, case 1
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Figure 5.11.Estimated disturbance torque - testake 1
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Figure 5.12. Magnified view of estimated disturbaitarque from 30 to 40sec
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Case 2:Load torque estimation with 20% parameter unaetgan motor resistance.

The weight matrix of uncertainty vector is variedunderstand the significance of the

weights on observer performance.

It was observed that the Luenberger observer besamstable in these conditions.
The performances of the remaining 3 filters are garad inFigure 5.13 It is
observed that there is no difference between th&Hussian filter estimate and the
Kalman filter estimate. While designing the Baussian filter, a high value af(the
design parameter used in,Hand H, Gaussian filter), was required for stable
conditions. This makes the,Hsaussian filter approach Kalman filter performance
The weights irB; matrix are changed and the filter performance eskin Figures

5.14and5.15

It is seen that as the weight assigned for theidiance torque reduces, lower value
of y is required for stable conditions. It is observdwittthe set of weights
w;=1,w,=0.1 gives the best performance for, filter as when the weight wis
lowered further, though less noise is observedhénastimate, the estimation delay is
found to increase. Lowering the weight Was an effect of increasing the inertial
constant of the model used by the observer, thereasing the response time of the

observer to the disturbance torque.
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Figure 5.13. Estimated disturbance torque - testake 2, w=1,w,=0.1.
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Figure 5.14. Estimated disturbance torque - testake 2, w=2, w,=0.5
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Figure 5.15. Estimated disturbance torque - testake 2, w=1, w,=0.01.

Case 3:Load torque estimation with observer design fa¥4@odel uncertainty.
The resistance uncertainty is considered to be wl#e designing the observer.

The estimates using.tH., Gaussian filter and Kalman filter are compared iguFe
5.16. The H Gaussian plot and Kalman plot have the same pediocmas mentioned

earlier.
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Figure 5.16. Estimated disturbance torque - testake 3
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Test 2: The motor current is controlled by applying a refee current profile as

shown inFigure 5.17 and the controlled dyno torque is showifrigure 5.18

This test checks the performance of the observér dygnamic torque conditions.
The H, Gaussian filter is used and a parameter uncertain®@% in resistanceé, is

considered.

=
L)

0F
20
‘;‘:_-’ 10F
g
5
(S|
5
5
E _1D L
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30 Measured Current |]
== Feference Current
-40 1 | | 1 1
0 10 20 30 40 a0 G0 70 a0 90

Time(sec)

Figure 5.17. Motor current-test 2

Dymo torque (INm)

1 1
0 10 20 30 40 50 B0 70 a0 =1
Tine(sec)

Figure 5.18. Dyno torque-test 2
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Figure 5.19. Estimated disturbance torque using@hussian filter- test 2

From Figure 5.19 it is evident that the observer gives good pentonce with
dynamic torque conditions thus making it suitalwe &ll torque conditions- steady

state or dynamic.

57



Test 3: Fault tolerant control of EPS- HIL results

Load torque estimation based fault tolerant consalone for the EPS case. The
test data for EPS case is given here. The drieerisig torque is shown frigure5.20
A constant vehicle speed of 44km/hr is considefé@. H, Gaussian filter is used and

a parameter uncertainty of 40% in resistafz@s considered.

05k B

Tdriver(Nm)
(o]

BRIk

&—————— Fault Duration —=

15 I I I I
0 5 10 15 20 25 30

Time(sec)

Figure 5.20. Driver steering torque

The torque acting on the motor shaft and the estidnimrsion bar torque are shown in

Figure 5.21 and 5.2Pespectively.

=
i
T

[}

o
[iy]
T
!

Disturbance torque acting on on motor shaft, Td(T¥m)
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Figure 5.21. Disturbance torque acting on motorfsha
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Figure 5.22. Torsion bar torque signal

The estimated torsion bar torque tracks the attugle fairly well, with some spikes
caused due to external noise. So in this case wesholds are used in the FTC-
upper and lower thresholds. The lower threshgldis used to switch to estimated
sensor signal when a fault is detected and therupypeshold,Ku is used to switch
back to measured value, when the estimated sigrsabpikes. The controlled pinion
angle withKl=0.6 andKu=1.7 is shown inFigure 5.23 The FTC is tested with
different threshold values to check the performaatehe control as threshold is
varied. The controlled pinion angle using differémeshold values may be compared
in Figure5.24.1t is seen that the controlled pinion angle udii@ tracks the normal
required pinion angle quite well. Some reasonstlierdifference in FTC controlled
angle and normal angle for the duration 10-17seddcbe the selection of threshold
values. Also due to the gearbox design, there rss@mnces when the applied dyno
torque is not detected by motor observer, as exgthin Section 5.1.6This could

cause an estimation error.
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Figure 5.24. Pinion angle with FTC using differ¢mteshold values

Here normal Op is the controlled pinion angle wherfault occurs, fault Op is the
pinion angle when fault occurs and FTC is not usdd; Op is the pinion angle when

fault occurs and FTC is used.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

A disturbance torque observer for a PMDC motordsighed taking into account
the various disturbances acting on the system. &Vhibost disturbance torque
observers are designed for steady state load comslitthe proposed disturbance
torque observer works well with dynamic as welktsady load conditions, making it
applicable in any system using motor as actuatoe. §tate model construction plays
an important role for observer design. The obseegémation accuracy is determined

by how accurately the model is obtained.

The significance of different filter designs arit performance under different
disturbance conditions are also studied. The Lugabdilter being designed for an
ideal system model does not perform satisfactamileal world cases where noise is
an unavoidable occurrence. The Kalman filter isnemended when the model of the
system is fairly accurate and good performance tdsvawhite noise is the
requirement. For a low inertia motor with uncerteandel parameters, an,.filter is
recommended for disturbance torque estimations found that low motor inertia
affects the design of Hand H, Gaussian filter. With lower motor inertia, smaller
uncertainty limits are tolerated by the observed aontroller to maintain stable
conditions. The performance of the KBaussian filter for a low inertia motor towards
model uncertainty is poor. For a high inertia mptan H, Gaussian filter is
recommended, as it is gives good performance t@avatdte noise as well as model

uncertainty.

Hardware in Loop testing with high current machiseswed the vulnerability of

the system to electromagnetic interference and twaicmoise. This reflected the real
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world case where high currents flowing in nearlrguis could affect the control and
estimation of the system under test. Methods tagedhe impact of electromagnetic

interference on the system are also studied.

In this test bench, the gearbox permits torque filownly one direction, i.e, from
motor to dyno side. So only when the motor is swatt on, some torque is detected
on the motor shaft. When the motor is off, no tercacts on the motor shaft,
irrespective of the magnitude of the dyno torquae@o the same reason, a torque
higher than the stalling torque of the motor is detected by the observer. Using a
gearbox which permits 2-way flow of torque wouldghéetect the load torque in both,

motoring and generating operation.

The significance of load torque estimation in FTi@ dahe various factors which
could affect the FTC performance are studied. Wbed torque estimation is used
for fault tolerant control, the level at which tresidual threshold is set is very crucial.
Too low thresholds trigger the switching to FTC femall differences between
estimated and measured torque which may not agtballa fault condition. At the
same time, too high thresholds cause the switcturfgTC to be very late, well after
the fault has occurred, thus defeating the veryp@sg of FTC. The selection of
thresholds is done by conducting experiments talchibe range of measured and
estimated sensor signal and also the range of ierestimates. In some cases, like the
EPS case study taken in this research, two thréshohy be required, a lower and
upper threshold to switch to estimated sensor kignd back to measured signal
respectively. The upper threshold is used whenreatenoise causes spikes in the

estimated signal which could affect the fault tatgrcontrol.
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Future Work

The performance of H Gaussian filter towards uncertainty in model pagtars
other than the motor resistance should be studiddttze uncertainty limits tolerated
by the filter for each parameter noted. This datald then be used to design a
universal motor disturbance torque observer folaascof motors whose parameters

are within the uncertainty limits tolerated by fhiter.

A systematic method to determine the set of weightshe uncertainties should be
investigated to obtain the best performance of filber. When arbitrarily chosen
weights are used by trial and error method, tha pesformance of filter is not
guaranteed. A method based on neural networks dmulgsed to train the network to

obtain optimized uncertainty weights for desired@@anance.
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APPENDIX A

Test Bench Model Parameters and Specifications

Motor Parameters

Armature Resistance 0.X85
Armature Inductance 4.9mH
Electrical constant 0.02V/rad/s
Mechanical constant 0.02Nm/A
Inertial coefficient (Motor + Dyno) 0.00018kg/m2

Viscous Friction coefficient (Motor + Dyno)  0.000B6Mad/s

Coulomb Friction (Motor + Dyno) 0.02Nm

Torque Sensor Specifications

Capacity 500in-Ibs = 56Nm

Output @ F.S +5V

Non-linearity (%F.S.O) 0.1

Hysteresis (%F.S.0) 0.1

Overload (Torque) 150% F.S

Max Speed 10,000rpm

Power Input (Regulated) 12-15VDC (Min 11, MEX75VDC)
Current Draw (Max) 350mA

Position Encoder

Resolution 512 pulses/rev w/quadrature
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Gearbox Specifications

Ratio
Max. Input Power
Max. Torque rating

Output rpm @ 1750

20:1
0.36hp
220 in-Ibs = 24.64Nm

88 rpm
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APPENDIX B

Current Sensing in a PWM motor driver board

The controller measures and limits the current loats from the battery. Current
that flows through the motor is typically higheraPWM H-bridge motor driver[23].
This counter-intuitive phenomenon is due to the/déick” current in the motor’s
inductance. In some cases, the motor current caxtoemely high, causing heat and

potentially damage while battery current appeansdoreasonable.

The motor's power is controlled by varying the Ofi/@uty cycle of the battery
voltage 16,000 times per second to the motor frém(Motor off) to 100 (motor on).
Because of the flyback effect, during the off timarent continues to flow at nearly
the same peak and not the average level as durengrt time. At low PWM ratios,

the peak current and therefore motor current -lwawery high as shown iRigure

B.1.
| Vbat
On Off
gy = S R I mot
Cle 7 "
Motor

| I d_LJd_l_L_l_ -1 _l_ _bat
Avg

Cwirent Sense

Resistor
Current ﬂowguring operation Instant and average current waveforms

(a) (b)

Figure B.1 (a) Current flow in PWM controlled H-Bge (b) Instant and average

current waveforms of power source and motor

The relation between Battery Current and Motoreniris given in the formula:

Motor Current = Battery Current / PWM ratio
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APPENDIX C

Noise Reduction in Motor Drives

Motor Signal Noise Reduction

The electrical noise in a PMDC brushed motor is ttuéhe commutator and brush
contact, shown irFigure C.1 At each commutation point, when the brush breaks
contact with a commutator segment, the energy dtorethe motor winding as a
magnetic field causes an arc or voltage spike betvtke brush and the commutator
segment. This occurs not only during normal comtiwtabut also in situations
where the brushes "bounce" on the rotating commiutAs the speed increases, the
noise spectrum also increases. A method to deterthie motor speed by observing

the current noise is also available in [25].

Figure C.1. DC commutator and brush

For better data interpretation, the electrical @oigy be suppressed by using an RC
low pass filter at the output of the instrumentatamplifier before it is sampled by
the Opal-RT controller. The difference in curreraweform with and without filter is

shown inFigure C.2.
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FigureC.2. Current waveform (a) without using fil{p) using RC low pass filter

As the sampling time of Opal-RT is 1ms, a cutoéiginency of 1 kHz was selected

to design the RC low pass filter. With lower noiketter current control is obtained.

PWM controllers are another source of electromagmedise interference. PWM
switching results in radiated noise from motor legides. Shielding and lead wire

placement also help mitigate the effect of PWM gatesl EMI.

Harmonic Noise Reduction in Vector Drive

Most vector drives require minimum input line impede in order to suppress the
harmonics present in AC power. Harmonic noise eniified by the low humming
produced when the motor is energized, and the gherivoltage spikes in the
surrounding equipment. By operating the drive ineQWariable torque mode at 8
kHz PWM, the harmonic noise is reduced to somenéxfadding a load reactor to the
setup further suppresses the noise and voltageespWithout a load reactor,
harmonic currents produce voltage spikes in theosading electrical equipment

disturbing the measurements used for control p&apas shown ikigure C.3.
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Figure C.3.Noise induced in current sensing cireltie to dyno currents.
The input impedance of the power lines can be deted as

Volts - Volts
%Impedance= Novtoaltf[ Ful Loady 1)
Y SNo Load

A minimum of 1% impedance is required by the Baldiave to operate satisfactorily.

The inductance of the reactor required for n% inapee is calculated as

_ V.. xn/100

L=
| x/[3x377

for 60Hz power

The recommended % impedance in typical applicati®stown inTable C.1.

Table C.1 Recommended % impedance in typical agipits

% Impedance Typical Applications

Current surge protection, voltage transient pratecdrive

3 nuisance tripping, voltage notch reduction (SCR'apacitor
switching spike protection, motor short circuit f@ction, multiple
motor applications

Harmonic reduction, motor temperature reductiontamnoise
5 reduction, motor efficiency improvement, IGBT whiplead
lengths
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A 3% load reactor RL 02501 is used in this setup.

Methods to reduce noise

1. Shielded cables should be used for high powdrsamsitive equipment with the

shield grounded.

2. Capacitors should be used at the power sidéefirtstrumentation amplifier to

ensure only filtered constant DC reaches the ingntation amplifier.

3. All metal bodies in the setup should be grounstethat any voltage spikes induced

by high currents are conducted to ground.

4. Keep wires as short as possible and remove tnay wires which may act as

antenna.

5. Signal, power and motor cables should be separat positioned independently of

each other.

6. For reducing mechanical noise, a heavy metafige should be used to mount the
machines and the shaft alignment of the intercamdegarts should be within

permissible limits.
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