TU

Grazm

Johannes Rumetshofer, BSc

Model-based control of a switching
linear multibody system

MASTER'S THESIS

to achieve the university degree of
Diplom-Ingenieur

Master's degree programme: Electrical Engineering

submitted to

Graz University of Technology

Supervisor

Univ.-Prof. Dipl.-Ing. Dr.techn. Martin Horn
Institut fur Regelungs- und Automatisierungstechnik

Dipl.-Ing. Dr.techn. Michael Stolz, Dipl.-Ing. Markus Bachinger
VIRTUAL VEHICLE Research Center

Graz, October 2015



AFFIDAVIT

| declare that | have authored this thesis independently, that | have not used other
than the declared sources/resources, and that | have explicitly indicated all ma-
terial which has been quoted either literally or by content from the sources used.
The text document uploaded to TUGRAZonline is identical to the present master's

thesis dissertation.

Date Signature



Zusammenfassung

Die Automatisierung von Gangschaltungen in komplexen Antriebsstrangtopologien
stellt die zentrale Aufgabenstellung dar, die dieser Arbeit zugrunde liegt. Durch das
SchlieBen beziehungsweise Offnen von Kupplungen muss ein Antriebsstrang als schal-
tendes Mehrkorpersystem betrachtet werden. Die Umschaltungen sind aus mechanis-
cher Sicht durch das Einbringen oder Entfernen von holonomen Zwangsbedingungen
beschreibbar.

Die vorliegende Arbeit gliedert sich in einen theoretischen und einen praktischen Teil.
Der theoretische Teil widmet sich der Modellierung von Mehrkorpersystemen, unter der
Einbringung von holonomen Zwangsbedingungen. Es werden die Auswirkungen dieser
eingebrachten Zwangsbedingungen auf Zustandstransformationen, beziehungsweise
auf die Erhaltung der Stabilitat und Optimalitat einer entworfenen Zustandsregelung
oder Zustandsbeobachtung untersucht. Das Ziel dieser Untersuchungen ist der Entwurf
einer optimalen Zustandsregelung oder eines optimalen Zustandsbeobachters fiir das
Mehrkorpersystem, unabhéangig von zusatzlichen mechanischen Zwangsbedingungen.

Im praktischen Teil wird zuerst die theoretische Vorarbeit des ersten Teiles ver-
wendet, um eine systematische Modellierung fiir allgemeine Antriebsstrangtopolo-
gien zu formulieren. Im Speziellen beschaftigt sich dieser zweite Teil mit
der Modellierung und modellbasierten Regelung eines hybriden Antriebsstranges.
Es wird eine Regelungsstrategie bestehend aus einer flachheitsbasierten Antrieb-
smomentensteuerung und einer LQ-Regelung entworfen.  Zusédtzlich wird eine
modellfreie Kupplungsmomentensteuerung verwendet. Diese Kombination er-
moglicht die Regelung von Gangschaltungen unter Einhaltung einer geforderten
Fahrzeuggeschwindigkeit. Die entworfene Steuerung und Regelung niitzt sowohl die
Vorteile der vorgestellten Modellierungsart, als auch die mechanischen Eigenheiten des
betrachteten Antriebsstranges.

Schlagworter: beschrankte Mehrkorpersysteme, Antriebsstrangmodellierung, flach-
heitsbasierte Vorsteuerung






Abstract

The central task of this work is to automate gear shifts in complex transmission drive-
train topologies. Due to the opening and closing of clutches drivetrains have to be
regarded as switching multibody systems. From the mechanical point of view the
switching corresponds to adding or releasing holonomic constraints.

The presented work is divided into a theoretical and a practical part. The theoret-
ical part is dedicated to the linear modeling of multibody systems with respect to
additional holonomic constraints. The impact of these additional constraints on state
transformations and the conservation of stability and optimality of designed state con-
trollers and state observers is investigated. These investigations target on designing an
optimal state control or an optimal state observer for the multibody system regardless
of any additional mechanical constraint.

In the practical part in a first step the work of the first part is used to formulate
a systematic modeling approach for general drivetrain topologies. In particular the
second part covers modeling and model-based control of gear shifts in a hybrid drive-
train topology. The proposed control strategy consists of a flatness-based feedforward
propulsion torque control and a LQR feedback control. Additionally a model-free
clutch torque actuation is used. This combination enables control of gear shifts while
tracking a required vehicle speed trajectory. Feedforward and feedback control take
advantage of both the presented modeling approach and the mechanical peculiarities
of the considered drivetrain topology.

Keywords: constrained multibody systems, drivetrain modeling, flatness-based feed-
forward control
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Introduction and overview

One of the most challenging fact in automating gear shifts for complex transmission
drivetrain topologies is the consideration of clutches. On the one hand they can be
used to dissipate energy in slipping state, on the other hand they reduce to simple
rigid shafts when they are locked. Consequently to achieve the required objective first
of all the impact of a locked clutch on the mathematical model of a drivetrain has
to be investigated. According to the necessary condition, that the differential angular
velocity between the plates of a locked clutch is zero, its impact is equal to the impact
of adding a linear holonomic constraint to the underlying mechanical problem.

Therefore chapter 2 deals with the issue from the mechanical point of view, in par-
ticular with constrained linear multibody systems. A specific type of system reduction
is introduced and in a next step this idea is applied to state space notation, which is
conventionally used in control theory. Common state transformation with respect to
additional mechanical constraints is considered in chapter 2.6.3. Chapter 3 contains
investigations on the stability of linear multibody systems with respect to linear con-
straints. Furthermore this issue is extended to the problem of stability of linear state
control or observation designed for the considered systems. The end of the general
mechanical resp. mathematical investigations is marked by chapter 4. It deals with
the conservation of some kind of optimality of linear state feedback and state obser-
vation designed on the considered systems. The motivation behind these investigations
concerning stability and optimality is to design a linear state feedback for optimal or
at least stable control of a multibody system regardless of any additional linear con-
straints. In order to meet the demanded task of investigating the impact of a locked
clutch on the mathematical model of a drivetrain, the general approach of modeling
linear multibody systems under additional constraints is applied to general drivetrain
topologies in chapter 5.

To facilitate the overview on the theoretical part of this work figure 1.1 illustratively
summarizes the treated subjects and their connections.

The practical part of this work is the actual application of this approach to a hybrid
automatic transmission drivetrain. The advantages of the presented modeling ap-
proach and the mechanical peculiarities of the considered drivetrain are used to
design a control system automating gear shifts while tracking a required vehicle speed
trajectory. The control strategy consists of a flatness-based feedforward propulsion
torque control with LQR feedback control and a model-free clutch torque actuation.
Functionality of the control system is shown based on several simulation experiments
in chapter 6.5. Finally several approaches to improve the control performance and to
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generalize the presented approaches give an outlook for future work (see chapter 7).

application mechanics modeling control
f ------- — ' i ga—— N E optimal
qrzzzzzzmzs, g1 | multibody e, 6o WO | g '(4.3.0) | linear
E : E 21) E | ystem E E feedback
b o P [
i E 5 4): linear ] E incorporation of constraints:
' constraints = : -system reduction (2.6)
femeee - ' i (2.1) ] E -state transformation (2.6.3)
L (26) 1(2.6.2) ! (4.3.2)
E Imoar E E reduced E : reduced
E constrained ] ' MIMO | E optimal linear
! : : (4334 434
H o multibody ! . LTI ( ) linear state
' svstem ] | system: [; : state feedback:
: (Layran o) E | -stability | '| feedback -stability
{ S : 0o os2 | : (3.3)

.........................................

Figure 1.1: Graphical overview on the subjects of the theoretical part



Constrained linear multibody systems
- system reduction

The initial situation is constituted by a mechanical multibody systems
consisting of N lumped inertias and k holonomic constraints. This chapter
shows a standard approach to achieve a minimal set of linear differential
equations describing the motion of inertias. It is similarly documented
in [1], [2], [3] and [4]. Based on Newton’s laws of motion, the additional
compliance of the holonomic constraints is ensured by constraining forces
with unknown magnitudes in the Lagrange equation of the first kind. The
directions of the constraining forces are stated in d’Alembert’s principle.
Elimination of the Lagrangian multipliers and transformation to general-
ized coordinates reduces the system of differential equations to a minimal
system. Therefore in the content of this work this approach will be called
system reduction. This system reduction focuses on a compact notation
for the mathematical description of the considered physical problems to fa-
cilitate the later application of common control approaches. Subsequently
follows the restriction to linear constraints, with respect to positions, and
the formulation of the system reduction in state space notation. Finally
this chapter investigates application of common state transformation in
consistency to additional linear constraints. Thereby the correct transfor-
mation of the mass matrix plays a significant role.

2.1 Newton’s laws of motion

The motion of inertias under influence of acting forces is basically defined in Newton’s
laws of motion that provide foundation for classical mechanics. In particular Newton’s
first and second law of motion state the existence of at least one frame of reference,
called inertial frame of reference, in which net force F; acting on inertia m; at position
r; equals the rate of change of its momentum p;:

. d . ;

In the considered problems every frame of reference fixed in earth shall be considered
to be an inertial frame of reference. Usage of Cartesian coordinates in R?® defines the



2 Constrained linear multibody systems - system reduction

vectors F;, r; and p; as follows:

Fy x; Dxi
Fi=|Ful|, ri=|vil|, Pi=|Dy (2.2)
F, Zi DPazi

Compact matrix notation eventuates in a system of 3N differential equations repre-
sented in equation 2.3.

M; = [m; mi mi]" | i=1,...,N (2.3)
diag (M7 MF ... ML) [ # ... #%] =[FF ¥} ... F§]

M ¥ ¥
Mi = F (2.4)

Considering linear multibody systems, net force can be split up into linear velocity
dependent, linear position dependent and coordinate independent forces:

Mi = —Di — Kr+ F (2.5)

In contrast to equation 2.4, here and within this work vector F represents all external
forces that do not depend on coordinates r. Diagonal matrix M is called mass matrix
or inertia matrix, D damping matrix and K stiffness matrix. Due to Newton’s third
law of motion, stating that an inertias reactive force is equal in magnitude and opposite
in direction to the force exerted by another inertia, D and K have to be symmetric
matrices. Further due to defined positivity of energy term M is a positive definite
matrix and D and K are positive semidefinite matrices. Restriction to real problems
also ensures D being a positive definite matrix, since there exists no undamped system.

M=M">0 (2.6)
D=D">0
K=K'>0

Expanding the unconstrained system by k& < 3N holonomic constraints f(r,t) = 0
results in a so called differential-algebraic equation (DAE) system consisting of 3N
differential and k algebraic equations:

Mr=F+7Z (2.7)
fl(r’t)
f(r,t) = : =0
fk(r,t)

Z denotes the unknown constraining forces acting on inertias to ensure constraints are
satisfied:

Z=[2" ... Z8] =[Zc Zy Zv ... Zns Zny Zwi] (2.8)

Adding constraints has two significant effects on the multibody system:



2.2 D‘Alembert’s principle

1. loss of k degrees of freedom,

2. the resulting system is under-determined: 3N -2 variables (r and Z), 3N + k
equations

Consequently formulation 2.7 does not use all available information respecting con-
straining forces.

2.2 D‘Alembert’s principle

Additional information concerning the direction of constraining forces can be received
by introducing term of virtual displacement.

Definition 1.

Virtual displacement or of a system is an arbitrary, infinitesimal, instant (6t =0)
displacement of the inertias satisfying the constraints.

D¢Alembert principle postulates that constraining forces do not perform virtual
work:

Z'5r =0 (2.9)

This axiom is an autonomous axiom in mechanics and does not succeed Newton’s laws
of motion.

Notation of constraints in differential form and considering virtual displacement (dr =
dr, dt = 0t = 0 ) achieves:

me=§@+§azo (2.10)
Of o of
_aér + E(St = aér =Jr=0

J¢ is the constraint’s Jacobian matrix (also called constraining matrix):

of1 on o oh

of or ory orn
ngzs ~| - : (2.11)

r af of afi

or 6r1 6rN

Equations 2.9 and 2.10 demand a necessary and sufficient condition on direction of
constraining forces summarized in Lemma 1.

Lemma 1.
Z=J'\ (2.12)
A= A N

A are so called Lagrangian multipliers, which define the unknown magnitudes of the
constraining forces.
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Proof.

o Equation 2.10: virtual displacement is element of the null space ! of J;:

sreV =N (Jp) (2.13)

o Equation 2.9: constraining force is element of the orthogonal complement of
virtual displacement dr:

ZeZzZ=V" (2.14)

« A transformation’s null space is equal to the orthogonal complement of the trans-
posed transformation (see [5]):

N (39 = (3F)" (2.15)

Consequently the following holds:

Z =V (W) = ((J}f)L)L —J7 (2.16)
In consequence constraining forces are represented by:

Z=J'\ (2.17)

0

2.3 Lagrange equations of the first kind

Usage of equation 2.12, containing information about direction of constraining forces,
in equation 2.7 leads to Lagrange equations of the first kind:

Mi =F + Jf A (2.18)
f(r,t)=0

The system is still differential-algebraic but now determined: 3N differential and k
algebraic equations resp. 3N + k variables (r and X).

Twice done differentiation of holonomic constraints achieves a system of differential
equation consisting of 3N + k ordinary differential equations second order.

f(r,t) =0 /(;it

of . of . of d
gr‘i‘E—Jfr‘i‘E—O /&
. <. d[fof

IThe null space of a matrix is the kernel of the linear map defined by the matrix.



2.4 Generalized coordinates

Restriction to scleronomic constraints reduces equation 2.19, due to the fact that there
is no explicit time dependency in constraints:

Ji+Ji=0 (2.20)

Combination of equations 2.18 and 2.20 completes the system of differential equations:

[lf JOfT] N - [—if] (2.21)

Main disadvantage of this formulation considering positions r is the need of 3N + k
equations to describe a system of 3N — k mechanical degrees of freedom. To get rid
of this drawback the term of generalized coordinates is introduced.

2.4 Generalized coordinates

Provided a (k x 3N )-matrix J; does not contain linear dependent rows, i. e. there are
no redundant constraints, dimension of null space of J¢ satisfies:

dim (N (J¢)) = def (J;) =3N —k =: f (2.22)
In words: Dimension of J¢’s null space, i. e. the defect of J¢, equals the number of
mechanical degrees of freedom f.

If the columns of an introduced (3N x f)-matrix J, are a basis of J¢’s null space,
Jy Jiog =0 (2.23)
T
holds for arbitrary dq, because of

JiJ, =0. (2.24)

Coordinates q appearing in virtual displacement dq are called generalized coordinates:
T

a=[n ¢ - 4] (2.25)

The number of generalized coordinates equals number of mechanical degrees of freedom
f. It is unique and a system parameter. Hence generalized coordinates are a minimal
set of coordinates describing motion of inertias. However the choice of generalized
coordinates is not unique due to the fact that equation 2.23 only offers a necessary
condition.

But equation 2.23 insures that, if q is a set of generalized coordinates,

or
h=% (2.26)

is a basis of J¢’s null space, because

or
Jf—d0q =0. 2.27
f&q 4 ( )
5

The approach, determination of a set of q and calculation of respecting J, is impor-
tant for practical use, because it allows a mechanical meaningful interpretation of
generalized coordinates and further the reduced set of differential equations.
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2.4.1 Transformation to generalized coordinates

In order to achieve a minimal set of differential equations transformation into gen-
eralized coordinates is required. Relationship between coordinates r and generalized
coordinates q is given by:

r=r(q,t)
. or, or .
r=—-—q+ = = Jrq
oq ot
=0
P =J.4+J.q (2.28)

Second line in equation 2.28 provides that mechanical system is scleronomous, meaning
there is actually no explicit time dependency in r. Inserting equation 2.28 to Lagrange
equation of the first kind (2.18) transforms the system into generalized coordinates:

MJ.§=F +JI'A - MJ.q (2.29)

2.5 Elimination of Lagrangian multipliers

Multiplying equation 2.29 by JT delivers

IT™I,.q = JITF + JTIT XA —J3"MJ,q (2.30)
-0
™I, 4= J'F —J3"™MJ.q
—— —_——  ——
M Q b
Vector Q represents generalized forces acting on the system. Due to precondition to

J, multiplication eliminates Lagrangian multipliers. The remaining system consists of
3N — k differential equations second order resp. 3N — k variables.

2.6 Linear constrained linear multibody systems

In the later important case of holonomic, scleronomic and linear resp. r constraints,
corresponding Jacobian matrix Jy is constant and therefore every basis of its null space
is constant (= J, = 0). Equation 2.30 reduces to:

JIMI.q=J'F (2.31)
Mg = Q

Assuming linearity of the considered multibody system (see equation 2.5) achieves:

JIMIJ, q=-J'DJ,q-J'KJ.q+ J'F (2.32)
M D K



2.6 Linear constrained linear multibody systems

Definition 2. System Reduction

The process of reducing a system of differential equations describing motion of a linear
multibody system to a minimal differential equation system in the case of added linear
constraints shall be defined as system reduction for the scope of this work. The term
is a shortcut for the transformation to generalized coordinates and the elimination of
Lagrangian multipliers. The resulting system is further called reduced system.

It’s an important fact that J; = const. implies that choosing f specific components of
r obtains a set of generalized coordinates q. This choice is not unique but it exists.
It’s advantage is the conservation of the physical interpretability of the coordinates.

To apply this approach, it is sufficient to find a basis of J¢’s null space containing all
rows of f-dimensional identity matrix, insuring q contains f components of r. Fol-
lowing section presents a method to generate a matrix J, based on this consideration.
Central point is the usage J¢’s reduced row echelon form J¢ to generate a requested
basis of J¢’s null space.

Definition 3. Reduced row echelon form (see [5])

A matriz has reduced row echelon form, if it satisfies following two conditions:

e The leading coefficient (a row’s first nonzero element), called pivot, is 1 in all
rows and is the only nonzero coefficient in its column.

e The pivot’s column index, called pivot index p;, has to increase strictly for in-
creasing row index ( — echelon form).
Remark 1.

e Reduced row echelon form of a matriz does exist, is unique and can be achieved
by a finite sequence of elementary operations (Gauss elimination, see [5]).

e rank(J;) =n < k leads to k —n zero rows at the bottom of J;.

e Provided rank(J;) = k, all columns of k-dimensional identity matriz appear in
J¢. Pivot indices p; declare position of respecting columns. Therefore J¢ is a
fusion of k-dimensional identity matriz I and f remaining columns J¢ .

Using reduced row echelon form of a matrix offers a simple possibility to find a basis
of its null space: Starting with f-dimensional identity matrix I the rows of J¢ have
to be inserted with switched signs. Position to insert is stated in the associated pivot
index p;.

e = Lpiv = Jr v (2.33)
I i contains additional zero rows on positions stated by Je’s pivot indices p;. J £ piv
has only zero entries except of J¢’s columns as rows on positions of resp. pivot indices.
Due to this construction method of J,, transformation to generalized coordinates has
two properties worth mentioning;:
Remark 2.

e Pivot indices p; of matriz J¢ declares the components of r that do not appear in
the set of generalized coordinates q.

e q is the minimal set of components of r with the highest possible row indices.
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2.6.1 Example
[1 1 0 0 0 of 11000
=10 120 O]r - Jf‘ar_[o 120 0]
n=5k=2 = f=n—k=3
- [ (1 0][=20 0O = 1
1=[loy) (0.0 |- 106 = »- ]
00 0 —20 0
) 00 0 2 0 0
Jo = T30 — Jispiv 1 0o0l]= 000 |=
01 0 00 0
00 1 00 0
™
T2 T3
r = T3 = qQ= |74
T4 s
T's

2.6.2 State space model

In general a system of 3N linear differential equations second order can be transformed
in a system of 2-3N linear differential equations first order. This transition to so called
state space is useful in order to apply common methods of control theory.

Application on equation 2.5 and definitions x = [rT f‘T] and u = F leads to:

Mi = —Di — Kr + F (2.34)
§

LI, 1811 H - l_(;{ _ID] H + [(I’] F = Mx=Ax+Bu (2.35)
m ~ [_MO_IK _MI_lD] H + [MO_I] F = %=Ax+Bu (2.36)

Addition of linear constraints f(x) is considered by applying system reduction analo-
gously to equation 2.31. Therefore basis Jy to J¢’s null-space has to be found.

JIMI.q=J'AJ.q+ I Bu (2.37)
Mq = JTAJ,q + J Bu
G=M'JTAJ, q+M JTBu
ﬂ_d Hr_J
A B
q=Aq+Bu (2.38)

10



2.6 Linear constrained linear multibody systems

Remark 3.

e Assumption M is positive definite quarantees the existence of M~ (see chapter

e Although arbitrary linear constraints £(r) are holonomic, arbitrary linear con-
straints £(x) are not, since arbitrary linear £(x) enables coupling positions and
velocities. Such a constraint can not be formulated either in terms of positions
or velocities therefore it is non holonomic. Consideration of non holonomic con-
straints is not covered in the approach presented in this chapter. This restriction
to £(x) entails block structure of constraints Jacobian matriz J; and consequently

of Jx.

2.6.3 System reduction and state transformation

Applying state transformations on state space models in order to achieve special struc-
tures of system parameters, e. g. canonical forms or diagonal form, while conserving
system’s dynamic, is a common task in control theory. This chapter provides a con-
sistent approach of applying system reduction on state transformed systems and finally
back transforming.

To simplify following considerations the analyzed system is assumed to be autonomous
(B = 0). The indices x and z denote affiliation of system parameters to the corres-
ponding coordinates.

The regular transformation x = Tz transforms the considered state space model from
X- into z-coordinates. Dynamic matrix A, is consequently defined by a similarity
transformation (see equation 2.39) applied on the original system’s dynamic matrix
A,. Therefore the matrices A, and A, are called similar, i. e. their eigenvalues are
identical.

x=Ax % ;=T 'A,Tz=Az (2.39)
AZ

Further there exist relations between the coordinates x and z and the corresponding
reduced coordinates qx and q,:

X = Jxqx (2.40)
z=J,q, (2.41)

Still unknown at this point is the relation between the reduced coordinates q, and q,
(see figure 2.1).
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2 Constrained linear multibody systems - system reduction

transformation
—

x=Tz
g2 w o
gl & | 2
Bl IR
3| -
S| | 5
g ® N| &
ax="7qz
dx z

transformation

Figure 2.1: Incomplete transformation between coordinates x, z, qx and qj

The combination of the introduced transformations determines this relation:

x = Tz } Tz = J.q o
X = qux o T']zqz = qux = qx = [JZJX] JzTquz
z = quz
(2.42)

Transformation of constraints further offers a relation between the Jacobian matrix in
x- and z- coordinates:
Jf’XX =0 < Jf’XT z=0 (243)
——
Jf,z
Since Jy is a basis of J¢y’s (Jacobian matrix of the constraints in x-coordinates) null

space and J, of J¢,’s (Jacobian matrix of the constraints in z-coordinates) null space,
the two matrices are not independent:

J.J, = 0
J,J, = O J,=T'JR (2.44)
Jf,z = Jf,xT

R is an arbitrary ¢ x ¢ full column rank matrix that generalizes the choice of the basis
of J;,’s null-space. It performs compressions, extensions and rotations on the basis of
J¢x’s null-space. In combination with equation 2.42 follows:

a. = [I73,] 7 ITTT I, Rq, = [I73,]”' ITI,Rq, = Ra, (2.45)

Remark 4.

The mapping R of constraining matriz J¢’s null-space defines the transformation be-
tween the corresponding sets of reduced coordinates.

In the special choice of the in general arbitrary full rank matrix R = I reduced x-
coordinates qy are identically the reduced z-coordinates q,.

Using equation 2.45 respectively 2.44 delivers entire relations between the coordinates
X, Z, qx and q, (see figure 2.2).
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2.6 Linear constrained linear multibody systems

transformation
—

X Z
x=Tz
2| . g
o S| O
£ S 2| g
z217 TJ,=JR 7|2
| & N[ O
— -
ax=Rq
ax

transformation

Figure 2.2: Complete transformation between coordinates x, z, qx and q,

In extension to this interim result the application of the system reduction in z coordi-
nates has to be determined.
Linear constraining of the mechanical system, stated in equation 2.39, needs adaption
of notation in z-coordinates:

x=Tz

Mx=Ax <% Mgz=M,T 'M 'A,Tz=A,z (2.46)

P2

The question now is how to choose matrix M, to close the following equation problem:

X = x =Tz = Z
U . U
M, =7
M, x = A, x ) ) o M,z = A,z
Jixx =0 < A, =M,T"'M!A,T <« Ji,z =0
A, =T AT
U’ Jf,z = Jf,xT U’
M,x = A, + JL A I M,z = A, + JL A,
U J
X = qux g Jz = TﬁlJXR g Z = quz
JfXJX ; 0 Jf,zJZ ; 0
U U U
QX = [J)TMXJX]_I JgAxeqx g dx = qu < qz = [JZMZJZ]_I JzAszqz
qx = qux Az = RilAXR qz = Azqz
(2.47)
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2 Constrained linear multibody systems - system reduction

Starting at bottom in equation 2.47 and using of relations on the right side (z-
coordinates) above achieves:

A, =RAR'=R[ITM,J,] ' JTA, IR
—R[RTITT "M, T 'J,R] 'RTITT "M,A, T 'J,RR
—RR'[J7T "M, T 'J,]” R"R7ITT "M, T 'A, TT 'J,RR
= [3TT"M, T3] T ITTTM, T A, J, (2.48)

As stated in the equation at the bottom left also holds:

A, = [ITM ] " ITMLALT, (2.49)
Comparing equations 2.48 and 2.49 enables relation between matrices M, and M,

M, =T "M,T" =(M, = T"M,T] (2.50)
Remark 5.

The definition of matriz M,
MZ _ TTMXT, (251)

enables consistency of state transformation x = Tz with respect to constraints on the
original system. Note that contrary to the similarity transformation applied on the
dynamic matriz Ay, a congruence transformation has to be applied on M.

Physical interpretation

Consideration of system energy V(x) offers a physical interpretation of the above
result:

K 0 x=Tz K 0
V(x) =x" [0 Mx] x = V(z)=2"T" lo Mx] Tz (2.52)
Compare to equation 2.50:
M, - T'MT =17 |1 0|71 (2.53)
z * 0 M, '

Due to definition of My, x"M,x is related to term of system energy.

By modification of equation 2.35 this relationship can be fixed:
KOIOf_KOOIr+KOOF
0 I[|0 M||#| |0 I||-K -D||r 0 I||I
K 0]]|r 0 K|r 0
o ) i) [ Sl ]3] o34
"

My
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2.7 Conclusion

V(x) = x'Mx == V(z) =2z' TTM,Tz (2.55)
>
M,

This consideration offers a physical plausibility of remark 5:

Remark 6.

e Considering equation 2.34 mass matriz M defines some kind of weighting be-
tween the differential equations. Although this weighting is not essential for de-
seribing systems dynamic, it plays a significant roll, when applying mechanical
constraints, since it influences the fusion of inertias coupled through a constraint.

e In order to ensure correct involvement of mechanical constraints, system energy
has to be conserved during state transformation. This condition requires trans-
formation of the mass matriz as stated in remark 5.

e In state space formulation the system decomposes into two parts. The first part
describing the relation between positions and velocities, is simply the realization
of a chain of integrators. State transformation of states referring to this chain
of integrators, i. e. positions, has no effect either on the systems dynamic nor
on the later addition of mechanical constraints, since it does not influence the
original system of differential equations second order. Consequently such state
transformations can be considered as common state transformations and applied
as usual. The second part is the realization of the multibody dynamic. State
transformations including states referring to this part, i. e. velocities, have to
be considered as defined above to ensure consistency with respect to the later
addition of mechanical constraints.

2.7 Conclusion

This chapter shows the consideration of additional holonomic constraints to a mech-
anical multibody problems. Thereby the constraints Jacobian matrix plays an essential
role for reducing the system of differential equations to a minimal number. This sys-
tem reduction can be applied with an arbitrary basis to the null space of this Jacobian
matrix. Transition to state space formulation enables application of common con-
trol methods. Another important conclusion to this chapter is, that performing state
transformations and afterwards applying additional constraints to the system needs
a congruence transformation of the mass matrix to conserve the original mechanical
impact of the constraints.
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2 Constrained linear multibody systems - system reduction
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System reduction and stability

The objective of this chapter is to investigate the impact of linear con-
straints on the stability of linear multibody systems. The proof of stability
is done by using the theorem of Lyapunov. Furthermore the issue, if stabil-
ity of a linearly state controlled system is endangered by linear constraints,
needs to be clarified. The motivation behind this task is to investigate the
possibility to use only one state feedback matrix to control a linear multi-
body system regardless of any additional linear constraint applied to the
system. In this case fictitious mechanical systems are used to evaluate sta-
bility. The same considerations are valid for stability of a state observer’s
observation error dynamic.

3.1 Stability of linear constrained linear multibody systems

Theorem 1. Stability of linear constrained linear multibody systems

Application of linear constraints to a linear multibody system can not destabilize the
system.

This theorem is a physical necessity due to d’Alembert’s principle (see chapter 2.2)
and can also be proofed mathematically.

Proof.
In a first step conditions for stability of a linear multibody system have to be developed.

Theorem 2. Theorem of Lyapunov [6]

Let x = 0 be an equilibrium point for x = f(x) and D < R™ be a domain containing
x=0. Let V: D — R be a continuously differentiable (scalar) function such that,

V(0)=0 and V(x)>0 in D— {0} (3.1)
V(x)<0 in D (3.2)

Then, x = 0 is stable (in the sense of Lyapunov). Moreover, if

V(x) <0 in D— {0} (3.3)

then x = 0 is asymptotically stable.

17



3 System reduction and stability

Further V (x) is called Lyapunov function.

Adaption of notation of equation 2.36 with respect to Lyapunov theorem leads to:
[r7 7] =[x" XT] (3.4)
1

L ] [ [ -

Evaluation of stability considers autonomous system (F = 0).

Due to its positivity system energy is a candidate to be a Lyapunov function:

1 1 .
V(x,%x) = §>'<TM>'< + ngKx >0, Vx,x#0 (3.6)
Using symmetry properties of M, D and K and equation 3.4 enables (see also [7]):
V(x,x) = 5 (x"Mx + x'Mx + x"Kx + x' Kx)
1

-3 ([M}'&]ch + %M + % Kx + xTKic)

1 : :

=3 ([-%"D — x"K]| x + x" [-Dx — Kx] + x' Kx + x" Kx)

= x'Dx <0, Yx#0 (3.7)

According theorem of Lyapunov matrix D positive definite (see equation 2.6) ensures
asymptotic stability of the system.

The addition of linear constraints to the system results in a reduced system (see
equation 2.32):

JIMIJ,.g=—-J'DJ,q-J'KJ.q+ J'F (3.8)
S—— —— N— N——
M D K Q
If
x’Mx >0 Vx #0 (3.9)

the symmetric matrix M is called positive definite. All eigenvalues of a symmetric real
matrix are real. The eigenvalues of a positive definite matrix are true positive. Due
to equation 3.9 and the choice x = J,q,

q’J'MJ.q>0 Yq#0 (3.10)

holds, if J, has full column rank (linear independent columns), because x = 0 if and
only if g = 0. In consequence symmetric matrix JTMJ, is positive definite too and its
eigenvalues are true positive. Analogously this fact holds for negative definite matrices
M

x'Mx <0 Vx#0 (3.11)

and its true negative eigenvalues.
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3.1 Stability of linear constrained linear multibody systems

Remark 7.

If all eigenvalues of a symmetric matriz M have the same sign, the transformation
JITMJ, does not influent this sign for arbitrary full column rank matrices J.. Although
the number of eigenvalues and its values in general are different.

According to remark 7 matrices M and D again are positive definite:
M=MT">0 (3.12)
D=D">0

Due to the fact that symmetric matrix K can contain zero columns and corresponding
zero rows it is not a positive definite but a positive semidefinite matrix. Removing
those columns and rows achieves a positive definite sub matrix. This sub matrix stays
positive definite during the above transformation. The zero columns and rows result in
zero columns and rows of the transformed matrix K. Consequently K is again positive
semidefinite:

K=K">0 (3.13)

In analogy to the unconstrained case system energy can be used to find a Lyapunov
function ensuring stability of the constrained system:

Mg =-Dg-Kq+Q (3.14)
) (3.15)
il =[st —wion] 3]+ [ 019
V(g,q) = ;'TMq + ;qTKq >0, Yq,q#0 (3.17)
V(a,4) = 5 (6"Ma + 47N + 4K + a"Ké)

_ ; ([Mq]T q+q"Mg+q"Kq + qTKq)

=, ([-4"D ~ q"K] 4 + 4" [-Dd - Ka] + §"Ka + 4"Kq)

= —q"Dq <0, Vq#0 (3.18)

According theorem of Lyapunov a positive definite matrix D (remark 7) ensures asymp-
totic stability of the reduced system.
Remark 8.

e A linear multibody system is asymptotically stable, if the damping matriz D is
positive definite, provided mass matriz M is positive definite and stiffness matriz
K is positive semidefinite.

e Linear constraining does not influence stability, due to the fact that transformed
damping matriz D is positive definite if D is.

]
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3 System reduction and stability

3.2 Stability in state space formulation

In state space formulation asymptotic stability is defined by the negative signs of
the real parts of the eigenvalues of its dynamic matrix A. Considering state space
formulation of the constrained system (see equation 2.37) remark 8 enables important
rationale.

Mx = Ax + Bu
x=M"'Ax+M 'Bu (3.19)
S~—— S~——

A B

\
JIMI.q=J'AJq+ I Bu
Mg = JTAJ.q+ J'Bu
Q=M 'JTAJ.q+M 'JT'Bu
; ~ ~
A B
q=Aq+Bu (3.20)

Remark 9.

According to theorem 1 stability of the unconstrained system (equation 3.19) guarantees
stability of the reduced system (equation 3.20). This fact is manifested in the linked
properties of the matrices M, A and Jy. Evaluating stability of the reduced system in
state space formulation by considering eigenvalues of A is nontrivial.

3.3 Stability of controlled subsystems

This section answers the question if the stability of the dynamic of an controlled
system 3.21 in general is conserved while applying linear constraints (equation 3.22),
by mechanical interpretation.

Considering a system controlled by linear state feedback u = Kx,
x = [A — BK]x, (3.21)

application of linear constraints results in:

q=|[IT™MJ,] " ITAT, - [ITM ] ITB KI, |q (3.22)
. ~~ ~ . ~~ JHK—J
A B K

This system can be interpreted as linear state controlled system with feedback matrix
K = KJ.. In order to evaluate stability of this system with respect to additional linear
constraints a state transformation has to be applied. This transformation targets
on achieving a diagonal form of the system’s dynamic matrix for later mechanical
interpretation.
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3.3 Stability of controlled subsystems

Definition 4. Diagonalizable matriz

A quadratic matriz A € R™" is called diagonalizable if it is similar to a diagonal
matriz D € C™". Therefore exists a reqular matriz T € C™" such that D = T 'AT.

Remark 10.

All eigenvalues of a diagonalizable matriz have equal algebraic and geometric multiplic-
ity. Consequently dimension of eigenspace is n, i. e. there exist n linear independent
etgenvectors.

Corollary 1. Stability of constrained controlled systems (case 1)

If the stable controlled system’s dynamic A — BK € R™" is diagonalizable and all
etgenvalues \; to A — BK fulfill \; € R, ¢ = 1,...,n, linear constraints can not
destabilize it.

According to the conditions in corollary 1 the controlled system can be regular trans-
formed to a similar diagonal system with dynamic D € R™". This similar system
can easily be interpreted to describe the dynamical behavior of a mechanical system
consisting of damped inertias (— K = 0). Therefore arbitrary linear constraints are
physically consistent to this fictive system. According to theorem 1 linear constraints

can not destabilize the fictitious system and consequently also the controlled system
A — BK.

Corollary 2. Stability of constrained controlled systems (case 2)

If the stable controlled system’s dynamic A — BK € R™" is diagonalizable and linear
constraints in general can destabilize it.

According to the conditions in corollary 2 the eigenvalues of the controlled system can
be either real or complex conjugate pairs. The controlled systems now can be regularly
transformed to a similar but tridiagonal system with dynamic D € R™". D consists of
diagonal parts corresponding to the real eigenvalues and 2x2 blocks corresponding to
complex conjugate eigenvalue pairs. Mechanical interpretation of this system dynamic
requires damped inertias and elementary mass-spring-damper configurations. There-
fore state vector contains in general velocities and positions. Consequently arbitrary
linear constraints are non holonomic and system can be destabilized in general.

Stability can be evaluated by transforming possible linear constraints of the original
mechanical system from x- to z-coordinates (see chapter 2.6.3) and assessing their
physical consistency to the fictive system.

Remark 11.

e If the stable controlled system’s dynamic A — BK € R™" is not diagonalizable,
stability evaluation due to linear constraints is not possible by mechanical inter-
pretation of A — BK.

e All above statements hold analogously for an observer error dynamic and appli-
cation of linear constraints.

e The feedback matriz K and consequently the choice of eigenvalues in the con-
trolled system are design parameters. Therefore it is possible to design K with
respect to achieving stable subsystems for given linear constraints.
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3 System reduction and stability

e In the case of specific constraints consideration of the eigenvalues of the controlled
subsystems enables immediate stability evaluation.

3.4 Stability under arbitrary switching

Due to the fact that arbitrary switching between asymptotically stable systems can
result in an unstable behavior, stability of arbitrary switching systems is an actual
research topic in control theory (see for example [8]).

Source of this fact are complex conjugate eigenvalue pairs. Negative sign of their real
parts ensures that any norm of the state vector x tends to zero (equation 3.23), i. e.
the system is asymptotically stable, but it does not certainly decrease at any time
instant (equation 3.24).

Jim [lx(0)]] = 0 (3.23)
Yo, AL >0 ||x(to)]] < |Ix(to + AL)]] (3.24)

Considering two systems with complex conjugate eigenvalue pairs and different eigen-
vectors, switching between those systems at those instants of time ty + At defined
in equation 3.24 enables possibly increasing norm. In consequence the total system’s
dynamic is possibly unstable for arbitrary switching between the two asymptotically
stable systems.

Nevertheless there exist stability criteria for stable arbitrary switched systems for
example the development of a common Lyapunov function (see for example [9] and
[10]).

Considering linearly constrained linear multibody systems it is obvious that arbitrary
switching between constraints is not feasible since the transition from one constraint
to another can not occur instantly. Feasible transitions need unconstrained interims,
where the first constraint is not valid any more and the second not valid so far. In
this interim time states x have to be adapted to suffice the new constraint (denoted

in x4). This condition can be mathematically formulated by use of generalized inverse
Jr:

X = qu
Ji'x =J1J,.q

[373,] ' ITx=q
| S—

It

J I x =x, (3.25)

Equation 3.25 can be interpreted as a projection of an arbitrary vector x into a sub-
space that fulfills the constraints. As already stated in theorem 1 transition can not
destabilize the system. Considering equations 3.6 and 3.17 describing systems energy
at switching time and equation 3.25 it is obvious that the Lyapunov functions are
equal at switching time.
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3.5 Conclusion

Remark 12.

Vt © x(t) = x4(t) switching between the unconstrained system and the constrained
system is physical feasible and arbitrary switching can not destabilize the system.

Remark 12 holds for stability of arbitrary switching between controlled system and
controlled subsystem if they are physically interpretable (see chapter 3.3).

3.5 Conclusion

The target of this chapter was to clarify possible stability problems of a multibody
system due to linear constraints. From the mechanical point of view stability is ensured
by d’Alembert’s principle. This can be mathematically proofed by usage of Lyapunov
theorem.

The chapter further offers conditions for conservation of stability of state controlled and
later linearly constrained multibody systems. The motivation of this is the possibility
to design only one state feedback matrix to achieve a stable control of the multibody
system regardless of any additional linear constraint. Thereby physical interpretation
of the constraints acting on a fictitious mechanical system represented by the controlled
system’s dynamic plays an decisive role. The same considerations are valid for the
conservation of the stability of a state observer’s observation error dynamic.

23



3 System reduction and stability
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System reduction and optimality

Optimality in a specific definition is a common way to design feedback
control laws or state estimators in control theory. The LQR problem and
the Kalman filter problem (see [11]) are famous examples to this approach.
The task of this chapter is to apply this control design approach, respec-
tively state estimator design approach, to linear constrained multibody
systems. Therefore the impact of system reduction, introduced in chapter
2, on the optimality of a linear state feedback has to be analyzed. This
task is an extension to the stability evaluation in chapter 3. Similarly the
motivation is to design one optimal state feedback or one optimal Kalman
filter system for optimal control or optimal observation of a linear multi-
body system regardless of any additional linear constraints applied to the
system.

Therefore at the beginning of this chapter the algebraic matrix Riccati
equation (see [11]), which provides the solutions of such problems, and
its solvability is summarized. Then a short overview on the optimal state
estimation problem follows. The system reduction enables the calculation
of a reduced state estimator. The question is, if this reduced state estimator
still is optimal considering the reduced system. In a similar way optimality
of a reduced optimal state feedback is investigated, after introducing the
LQ optimal control problem in general.

4.1 Algebraic Matrix Riccati equation

The algebraic matrix Riccati equation plays a decisive role in optimal control and state
estimation problems, because its solution provides the solution of these problems. Due
to its importance the algebraic matrix Riccati equation is summarized shortly.

Definition 5. The algebraic matrix Riccati equation (see [12])

The equation
ATX + XA +XRX+Q=0 (4.1)

is called algebraic matriz Riccati equation in respect of the symmetric (n x n) matriz
variable X = X' and with A, R, Q € R™",
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4 System reduction and optimality

Definition 6. Stabilizing solution of the algebraic matrix Riccati equation
(see [12])

There exists at mazimum one solution X, which stabilizes the system [A + RX]. The
existence of this stabilizing solution is gquaranteed by following conditions:

1. The pair (A, R) is stabilizable (see definition 7).
2. The pair (Q, A) does not have not observable modes on the imaginary axis.
3. R<0

Remark 13.
o Satisfying conditions in definition 6 algebraic matriz Riccati equation has a
unique positive semi-definite solution X = XT > 0.

e First condition in definition 6 ensures the existence of a solution of the alge-
braic matriz Riccati equation. Conditions two and three ensure X = 0 and in
consequence stability of [A + RX].

e Condition "Pair (Q,A) detectable" implicates second condition in definition 6.

o Condition "Pair (Q, A) observable" implicates second condition in definition 6
and X >0 ([15]).

4.1.1 Considerations on stabilizability and detectability

This section is a short excursus on stabilizability and detectability of a system:

x = Ax + Bu (4.2)
y = Cx

Definition 7. Stabilizability and Detectability (see [11])

A system is stabilizable if all unstable modes are state controllable’. A system is
detectable if all unstable modes are observable?.

Lemma 2. For full rank matriz A € R™" (m < n) and symmetric positive definite
matriz T > 0 € R™™ holds

N(A) = N(ATTA) (4.3)
Proof.

dim (M(A”)) = m —rank (A") =0
ATy =0 = yeNAT) = y=0
AT Ax =0 <= Ax =0 <= xecN(A)
—— ——
y y

'For controllability criteria see [11].
2For observability criteria see [11].
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4.1 Algebraic Matrix Riccati equation

Consequently holds:

N(A) = N(ATA) (4.7)
ATTA = A 1[:] [T;]A (4.8)

T2 is called principal square root. It is unique and positive definite due to the fact
that T is positive definite. In consequence A is again a full rank matrix, due to:

rank (A”) = rank (A) = rank (T%A) = rank (A) (4.9)
According to equations 4.4 to 4.6 follows:
ATAx=0 < Ax=0 < xecN(A)=N(T?A) (4.10)
T >0 — dim (N (T)) ~0 (4.11)
T:Ax=0 < Ax=0 <= xcAN(A) (4.12)
Consequently holds:
N(A) = N(ATTA) (4.13)
O

Definition 8. Popov-Belevitch-Hautus criterion for stabilizability (see for
example [14])

X is an arbitrary eigenvalue of matriz A where Re{\} = 0. The pair (A, B) is stabi-
lizable if and only if for every vector p generated from p*A = p*\ holds p*B # 0.

The condition p*B # 0 is equivalent to

[p*]" ¢ N (B"). (4.14)
Definition 9. Popov-Belevitch-Hautus criterion for detectability (see for ex-
ample [14])

X is an arbitrary eigenvalue of matriz A where Re{\} = 0. The pair (C,A) is de-
tectable if and only if for every vector q generated from Aq = A\q holds Cq # 0.

The condition Cq # 0 is equivalent to

qé¢ N (C). (4.15)
Consideration of Popov-Belevitch-Hautus criterion (definition 8 and 9), Lemma 2 and
duality between state control and state observation enables following remark:
Remark 14.

o Pair (A,BTBT) is stabilizable if and only if pair (A, B) is stabilizable.

o Pair (CTTC, A) is detectable if and only if pair (C, A) is detectable.

o Pair (AT, CT) is stabilizable if and only if pair (C, A) is detectable.

o Pair (BT, AT) is detectable if and only if pair (A, B) is stabilizable.
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4 System reduction and optimality

4.2 System reduction and optimality of state estimation

In many control applications system states are not directly measurable, although their
knowledge is essential for the control system design. This problem can be solved by
designing a state observer, that observes the system states employing the inputs and
outputs. In order to consider model and measurement uncertainties from the stochastic
point of view, the system can be interpreted as noised system. Consequently, the
system states are stochastic quantities. To achieve an optimal design of a state observer
(in this context also called state estimator), the variance of the estimation error can
be minimized. In the following sections this task is formulated mathematically and its
solution the so called Kalman filter (see [11]) is presented.

Afterwards system reduction is applied on a general Kalman filter system. It turns out
that the reduced system again has the form of a common state observer, employing a
reduced feedback matrix Kf 1. Since it is possible to design a Kalman filter system on
the reduced problem (feedback matrix Kf 2) the question is, if there is any equivalence
between these two feedback matrices Kf 1 and Kf 9. If they are equal optimality of a
Kalman filter system would be conserved during application of system reduction on
the original system. In consequence it would be possible to design only one optimal
Kalman filter system for optimal observation of the linear multibody system regardless
of any additional linear constraints applied on the system. The last section of this
chapter tries to answer this question.

4.2.1 Optimal state estimation problem

As suggested in [11] state space model is extended by stochastic measurement inputs
w, and disturbance signals wq (process noise):

x = Ax+ Bu+ wy (4.16)
y =Cx+w,
x(0) = xq

Stochastic signals are assumed to be uncorrelated zero-mean ergodic Gaussian stochas-
tic processes:

E{wq(t)} = E{w,(t)} =0 (4.17)
E{wa(t)wy (1)} = E{w,(t)wg (1)} =0

E{wa(t)wq (1)} = Wo(t —7)

E{wna(t)wy (1)} = Vi(t —7)

W=W7">0

Vv=vi>0

W and V are the covariance matrices of respectively wq and w,,.
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4.2 System reduction and optimality of state estimation

The task is to find a dynamic system that estimates the states x of the system
in 4.16 employing inputs u and measurements y, in a way that the estimation er-
ror’s dynamic is asymptotically stable and the expected value of the estimation error
E{(x —%)T(x — %)} is minimal.

The solution of optimal state estimation problem is called Kalman filter:

Definition 10. Kalman filter (see [11])

The Kalman filter has the structure of an ordinary state estimator or observer with

X = A% + Bu + K(y — CX) (4.18)
The optimal choice of K¢, which minimizes E{(x — X)T(x — %)}, is given by

K;=YC'V™! (4.19)

where Y = YT = 0 is the unique positive semi-definite solution of the algebraic Riccati
equation

YAT + AY - YC'VICY +W =0 (4.20)

Kalman filter - preconditions

According to chapter 4.1 preconditions for existence of unique positive semi-definite
solution Y of the algebraic Riccati equation (4.20) have to be adapted. Comparison
to equation 4.1 shows the parameter equivalences:

A — AT (4.21)
R —» -C'v~C
Q - W

Due to V > 0 the inverse V™! exists and is positive definite too (V™! > 0). In
consequence of remark 7 and provided that C has full column rank, CTV~-!C is
positive definite and —CTV~LC is negative definite. Therefore the condition R < 0
holds due to definition of V.

According to remark 14 following two conditions ensure a positive semi-definite solu-
tion of the algebraic Riccati equation in 4.20:

1. Pair (A, W) has to be stabilizable.
2. Pair (C, A) has to be detectable.

4.2.2 Reduced Kalman filter

In this section system reduction is applied on a Kalman filter system:

x = [A — K(C] % + Bu + Ky (4.22)
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4 System reduction and optimality

Although it does not appear in equation 4.22 mass matrix M plays a significant roll
in system reduction.

§=[3T™MI3,] " ITMIA — KC] .4 ...

-

Y
NES

o4 [3TMI] T ITM Bu + [3TMI,] T ITM Ky

- .

g

~
ir ir

q=J"AJ,q— JTK; CJ, 4+ J'B u+ I'K;y
— W_/Rf—/ ~— ——

A Kf,l C B Kf,l
d=[A-K;;C|q+Bu+Kpy (4.23)

As shown in equations 4.23 system reduction applied on the Kalman filter leads to
a reduced Kalman filter. Nevertheless this does not allow any conclusions about its
optimality in terms of chapter 4.2.1. Therefore the reduced Kalman filter has to be
compared to a Kalman filter applied on the reduced system.

4.2.3 Kalman filter on reduced system

Reducing the noised system

x = Ax+ Bu+ wy (4.24)
y =Cx +w,

according to equation 2.37, leads to:
q=Aq+Bu+Jlwy (4.25)
y = Cq+w,

Hence covariance of process noise has to be recalculated, whereas system reduction
has no influence on the measurement noise covariance matrix:

E{ITwat)wl(t)I} = ILE{wa(t)WE ()} I = ITWI, 6(t — 7) (4.26)
HK_J
W
V=V
According to chapter 4.2.1 the Kalman filter on the reduced system is given by
d=[A-K»Clgq+Bu+ Koy (4.27)
Ky = YCTV™! (4.28)

where Y = Y7 > 0 is the unique positive semi-definite solution of the algebraic Riccati
equation

VAT + AY - YOTVIEY + W = 0 (4.29)
According to chapter 4.2.1 two preconditions have to be mentioned:

1. Pair (A, W) has to be stabilizable.
2. Pair (C, A) has to be detectable.
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4.2 System reduction and optimality of state estimation

4.2.4 Evaluation of the conservation of optimality

The point of interest is, if the reduced Kalman filter equals the Kalman filter designed
for the reduced system. The answer can be achieved by comparing the two feedback
matrices K¢; and K¢ o and the corresponding algebraic Riccati equations:

I. YAT+AY -YC'VICY+W=0 (4.30)
K, =JI'ycr'v!

Il: YA tAY -YC'VICY +W =0 (4.31)
Ki, = YCTV™!

Further exist the already known relations between the parameters of the original and
the reduced systems:

A =JTAJ, = [3TMI,] T ITMAJ, (4.32)
C=CJ,

W = JIWI, = [3TMI] " gTMwM T, ([37 MJX]l)T

V=V

The assumption that feedback matrices are equal leads to a relation between Y and
Y:

Ki1 = Ki» (4.33)
ITyCTv1 L yCTv!
JTycT £ ¥JiTc”
[37MJI,] ' ITMYCT L YITCT
ITMYCT £ JTMJ, YITCT
[JIM]-Y-CT = [3TM] - [3,YIT] - CT
[ITM] [Y - . YIT]CT £ 0 (4.34)

Equation 4.34 can be transfered into eight sufficient conditions, assuming M is a
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4 System reduction and optimality

diagonal, positive definite matrix:

1) C=0 (4.35)
2) J, =0 (4.36)
3) M=0 (4.37)
4) YZ0, Y=0 (4.38)
5 Y-J.YJT Lo (4.39)
6) Y-JYI e N(C) (4.40)
7) C([Y-J3XYII])ec () =N (I]) (4.41)
8) C([Y-JYII|C")ec(I]) =N (I]) (4.42)

Where C (Z) denotes the column space of a matrix Z.

At least one of these sufficient conditions has to hold in order to ensure that equation
4.34 holds. Due to the fact that equations 4.35 to 4.38 are obviously trivial, it is useful
to further investigate conditions 4.39 to 4.42.

The effect of condition 4.39 can be investigated by considering the respective Riccati
equations. Applying relations between system parameters in the second Riccati equa-
tion (4.31) achieves:

YITATY, +JTALY + JTWI, - YIICTVTICI, Y =0 (4.43)

Since J is a full column rank (n x ¢) matrix, with n>q, the following equation is
necessary and sufficient to equation 4.43.

JYITATIIT + 3 IPAIYIT + 3 JTWIJIE — I, YITCTVICIYIT =0
(4.44)

Using the sufficient relation between the two algebraic Riccati equations (equation
4.39) leads to:

YAT [337]" + [3J7] AY + [T W [3,37]" - YCTV-ICY = 0 (4.45)

Consequently comparison to the first Riccati (4.30) equation gives a sufficient condition
for the equality of Ky and Kj o:

YAT [3JI0]T + [IJIL]AY + [JJIL W [IJ]] T - YC'VICY =0
3T =3, [3TMI, ] IT™M £ 1 (4.46)

Remark 15.

The Matrix ijf is idempotent for arbitrary matrices M and Jy. In consequence it
has eigenvalues at \; =1 /0, 1 =1,...n.
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4.3 System reduction and optimality of L() optimal control

Condition 4.46 holds for arbitrary invertible matrices J,, but generally not for non
quadratic matrices Jy used in system reduction (see chapter 2.4).

In general also conditions 4.40, 4.41 and 4.42 do not hold.

Remark 16.

System reduction in general does not conserve optimality of an ordinary state estima-
tor.

4.2.5 Conclusion on system reduction and Kalman filtering

According to remark 16 it is in general not possible to design an optimal Kalman filter
in order to optimally estimate the states of a linear multibody system regardless of any
additional linear constraint. Although stability of the estimation error dynamic can be
possibly ensured (see chapter 3), performance of the state estimation in dependency
of additional constraining of the mechanical system can not be evaluated in general.

4.3 System reduction and optimality of LQ optimal control

The linear quadratic requlator (LQR) is a linear state feedback, that minimizes a
quadratic cost function. A similar approach to the problem of optimal state estimation
can be used to consider the influence of system reduction on a LQ optimal control.
As already stated in the introduction of this chapter, the motivation of this task is
to design only one optimal state feedback for optimal control of a linear multibody
system regardless of any additional linear constraint applied to the system.

At the beginning of this section the LQR problem is introduced in general and its
solvability and solution is presented. Application of system reduction on a system
controlled by an LQ optimal feedback matrix delivers a reduced LQ optimal feedback
matrix. Condition for conservation of optimality is the equivalence of this reduced LQ
optimal feedback matrix KM and the LQ optimal feedback matrix Kr’g achieved by
solving the LQR problem on the reduced system.

4.3.1 LQR problem

Definition 11. Optimal state feedback (see [11])

The LQR problem, is a deterministic initial value problem: given the system x =
Ax + Bu with a non-zero initial state x(0), find the input signal u(t) which takes
the system to the zero state (x = 0) in an optimal manner, i.e. by minimizing the
deterministic cost

J = LOO (x(6)"Qx(t) + u(t)"Ru(t)) dt, (4.47)

with Q=QT >0 and R = RT > 0.
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4 System reduction and optimality

The optimal solution (for any initial state) is u(t) = —K,x(t), where
K. =R 'B'X (4.48)

and X = XT > 0 is the unique positive semi-definite solution of the algebraic Riccati
equation

ATX + XA -XBR 'B'X+Q=0 (4.49)

Optimal state feedback - preconditions

According to chapter 4.1 preconditions for existence of unique positive semi-definite
solution X of the algebraic Riccati equation (4.49) have to be adapted. Comparison
to equation 4.1 shows the parameter equivalences:

R=R — -BR'B’ (4.50)

Due to R > 0 the inverse R™! exists and is positive definite. In consequence of
remark 7 and provide matrix B has full column rank, BR™'B” is positive definite
and therefore —BR B is negative definite. In consequence condition three (R’ < 0)
holds due to definition of R.

According to remark 14 following two conditions ensure a positive semi-definite solu-
tion of the algebraic Riccati equation in 4.20:

1. Pair (A, B) has to be stabilizable.
2. Pair (Q, A) has to be detectable.

Remark 17.

According to remark 13 the stricter condition, pair (Q, A) observable implicates condi-
tion 2. and further guarantees a unique positive definite solution X > 0 of the algebraic
Riccati equation in 4.49.

4.3.2 Reduced LQ optimal control

System reduction can be applied on the LQ optimal controlled system:

% = [A - BK,]x (4.51)
q=JIAJ,q— JIB K.J, q (4.52)
A B Kr,l

q = [A - BKLI] q

Equation 4.52 shows that the resulting system can again be interpreted as controlled
system with state feedback matrix K.
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4.3 System reduction and optimality of L() optimal control

4.3.3 LQ optimal control of reduced system

In order to analyze optimality of this state feedback, the LQ optimal control has to
be applied on the reduced system in equation 4.53.

q=Aq+Bu (4.53)

According to the coordinate transformation x = Jyq the deterministic cost has to be
adapted:

J = Jw(q(t)T JTQJ, q(t) + u(t)"Ru(t))dt (4.54)
0 ~
Q
Q=1JIQJ,
R=R

The solution of the LQR problem on the reduced system therefore is determined by:
u(t) = K;»q(t) (4.55)
K., - R 'B'X

where X = X > 0 is the unique positive semi-definite solution of the algebraic Riccati
equation

ATX + XA - XBR'B'X + Q — 0 (4.56)

According to chapter 4.3.1 two preconditions have to be mentioned:
1. Pair (A, B) has to be stabilizable.
2. Pair (Q,A) has to be detectable.

4.3.4 Evaluation of the conservation of optimality

Comparing the reduced LQ optimal control and the LQ optimal control of the reduced
system represented by its feedback matrices and their corresponding algebraic Riccati
equations provides information about the conservation of optimality with respect to
system reduction.

I. ATX+XA-XBR 'B'’X+Q=0 (4.57)
K., = R7'B"X

II: ATX+XA-XBR 'B'X+Q=0 (4.58)
K., = R'BTX

Stating the equality of feedback matrices achieves a relation between the inverse so-
lution of the algebraic Riccati equations. These inverses X! and X~! only exist
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4 System reduction and optimality

assuming X and X are positive definite. Therefore the pairs (Q, A) and (Q, A) have
to be observable (see remark 13).

K., =K., (4.59)
R 'B’XJ, = R 'B'X
B”XJ, = BTJ.X (4.60)
XJ, = J.X .
I X1 X1,
I XL x M7y, [3TMa, ]
I.X 1 [3TMI,]" L XM,
J.XITMTI, £ X 'M7 I,
JXJrLx! " (4.61)

The *-marked equations are only sufficient each with respect to the above equation,
but not necessary.

To apply relation 4.61 the algebraic Riccati equations in 4.57 have to be formulated
in terms of the inverse solutions:

ATX +XA -XBR 'B'’X+Q=0

XTATX + X' XA - X 'XBR 'B'X + X !'Q=0

XTATXX T+ X' XAX ' - X" IXBR 'B'XX '+ X !1QX ' =0
XTAT+ AX'—BR /BT + X !1QX ' =0

XTTAT + AXTP-BRIBT + X7'QXt =0 (4.62)
XTTAT + AX'-BR'BT + X7'1QX' =0 (4.63)

According to chapter 4.3.1 the solutions of the algebraic Riccati equations in terms of
the inverse solutions (4.62 and 4.63) for sure have unique positive definite solutions if
1. Pair (—AT —Q) is stabilizable
2. Pair (—AT, —Q) is stabilizable
3. Pair (BR'BT, —AT) is observable
4. Pair (BR'B”, —AT") is observable
These conditions can be reformulated be use of remark 14:

1. Pair (—Q,—A) is detectable
2. Pair (—Q, —A) is detectable
3. Pair (—A”,B) is controllable
4. Pair (—AT,B) is controllable
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4.3 System reduction and optimality of L() optimal control

The relation between the two solutions in 4.61, the algebraic Riccati equations in terms
of the inverse solutions (4.62 and 4.63) and the relations between the parameters of the
original and the reduced system in 4.64 can be used to formulate a sufficient condition
(4.67) for equality of feedback matrices (4.59).

A =JTAJ, = [3TMI,] ITMAJ, (4.64)
B=J'B

Q=7JIQJ,

R=R

In the first step relations between system parameters were applied in the inverse for-
mulation of the second Riccati equation (4.63):

XJTATT, + ITALX ! - JTBRTBT T, + XTQILX ! = 0
JXITATIIT + 3. 3TA X1 — 3 JTBRIBTI L.
s JXX_IJEQJXX_IJZ =0 (4.65)

Then the sufficient relations between the solutions of the inverse formulated algebraic
Riccati equations can be used:

XTAT[37]) + [3J7]AX ! - [3JT]BR BT [3J7] + X 'QX ' =0
(4.66)

Finally the sufficient condition for equality of the feedback matrices Kr,l and Krg can
be stated by comparing 4.66 to the inverse formulation of the first Riccati equation
(4.62).

X TAT[IJIL) T + (I AXT - 3] BR BT [JJI] T+ X 'QX T =0
(4.67)
3T =3, [3TMI, ] IT™M £ 1
Analogous to the optimal state estimator condition 4.67 holds for arbitrary invertible

matrices Jy, but generally not for non quadratic matrices J, used in system reduction
(see chapter 2.4).

Remark 18.

System reduction in general does not conserve optimality of a state feedback.

4.3.5 Conclusion on system reduction and optimality of LQ optimal control

The motivation of this chapter was to design an optimal LQ optimal control to a
linear multibody system regardless of any additional linear constraint. As already
stated in remark 18 and expected due to section 4.2.5 this is not possible in general.
Consequently although stability of all reduced controlled subsystems can be ensured
(see chapter 3), loss of optimality can in general cause bad control performance.
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4 System reduction and optimality

Nevertheless exemplary application in chapter 6 shows that for certain problems loss
of optimality has hardly no influence on the control performance (see section 6.5.3).
Therefore, for these problems it is indeed possible to solve the LQR problem on the
unconstrained multibody system and use reduced controllers in constrained case. Cal-
culation of these suboptimal (in the sense of: not optimal anymore) reduced controllers
is determined by an arbitrary basis to the null space of the Jacobian matrix of the
constraints.
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Drivetrain modeling employing system
reduction

From the mechanical point of view general drivetrain topologies have to be
considered as multibody systems. Further locked clutches correspond to
the application of additional linear holonomic constraints. Therefore the
task of this chapter is a practical application of the methods discussed in
chapter 2 on general drivetrain modeling.

First, linear modeling of general drivetrain topologies is discussed. In a
next step the constraints due to locked clutches are investigated employ-
ing unconstrained system parameters. Applying system reduction finally
achieves the transformation between the drivetrain model considering all
clutches to be slipping, i. e. not locked, and the drivetrain model consider-
ing certain clutches to be locked.

5.1 Typical drivetrain configuration

Dynamic of a drivetrain topology is uniquely determined by the motions of its inertias.
Since the motion of inertias are restricted to rotations, they can be described employing

moments of inertias J; > 0 (i = 1,..., N) and corresponding rotational coordinates (;
(t=1,...,N).
M = diag (/i ... Jy)=M">0 (5.1)
Y = [@1 Ce QDN:I

Net forces acting on inertias consequently are net torques. These torques T (see
equation 5.2) represent the summation of internal torques 74, and external torques 7.
Internal torques 7y, (see equation 5.3) describe on the one hand interaction between
inertias over flexible shafts modeled by spring torques 7 and damper torques 74, and
on the other hand torques due to kinetic friction 73, within the drivetrain. External
torques Ty (see equation 5.4) acting on inertias in the drivetrain appear as controllable
torques including propulsion torques applied by combustion engines T and electric
motors 7y and torques impressed in slipping clutches (7¢). Additionally external
torques T¢ consider non controllable torques 7y applied due to gravity (influence of
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5 Drivetrain modeling employing system reduction

road slope), rolling resistances and air drag.

T = Tin + Tex (5.2)
Tin = Tkin T Tk + T4

Tex =TE+TTM +TCc+Tyv (5.

Clutches can be considered as elements switching between a torque impressing state
in slipping case and rigid shaft state in locked case. In a first step all clutches are
considered to be slipping. Transmitted torque of a slipping clutch (7¢) is a function
of pressure applied on clutch plates. In practice actuation of the clutch plates is
done by controlling the current in a coil acting on a valve. This valve converts a
given constant volume flow to pressure on clutch plates by cross section modification.
A simplification in modeling clutch actuation is to enable direct torque impression
between clutch plates. This torque impression has to be strictly dissipative, i. e. there
is no way to impress energy on a clutch. Therefore its sign is defined by the sign of
differential angular velocity between the clutch plates.

To simplify the later consideration of locking clutches it is useful to split the external
torques into clutch torques 7¢ and remaining torques Tg acting on inertias:

Tex =TE+TM+Tv+TC (55)
—

TR

In order to achieve a linear behavior of the multibody system (see chapter 2) internal
torques T, have to be linear functions of either angular positions or angular velocities
(see equation 5.6).

Tkin = _Dkins‘o (56)
T4 = —Dd(,b
Ty = — K¢

Tin = _Dkin(;b - DdQO - K(P = _DSD — KQO (57)

As already stated in equation 2.6 matrices K, Dq and Dy, have the following prop-
erties:

K=K">0 (5.8)
Dyin = DL, >0
Dy=Di =0

D=D4q+ Dy, >0

Also action of external torques 7., on inertias is considered to be linear:

Tee=Tr+Tc =[Br Bc] [:2] =[Be By By Bc] | (5.9)
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5.2 Unconstrained equations of motion

Other common drivetrain elements are gear ratios and planetary gear sets. They can
be incorporated into stiffness and damping matrices (K, D) and input matrices Bg
and Bc.

5.2 Unconstrained equations of motion

Applying Newton’s laws of motion delivers a set of N linear differential equations
second order (see also equation 2.5 ):

Mo =T (5.10)
Mgbz —D¢—K¢+BRTR+B0TC

5.3 Unconstrained state space model

Substitution
x=[¢" o (5.11)

allows to create a state space model consisting of 2NN differential equations of first
order (see chapter 2.6.2).

o w125 Bl 2]+ B 612
Actually in most transmission use-cases rotational speeds represent the task of interest,
therefore it is sufficient to use only speeds ¢ and necessary components of ¢ in state
vector x. The necessary components of ¢ are those which describe spring and damper
forces due to flexible shafts. The simplest choice are the angular differences describing
the tension of the flexible shafts in the drivetrain topology. Definition of a new state

vector x (equation 5.13) reduces the system to N + g linear differential equations first
order assuming a number of g flexible shafts.

X:[Acpl VAN P R ng]T:T[z] (5.13)

Introduced transformation T is not a regular state transformation, since matrix T is
not quadratic. In consequence there exists no inverse. Nevertheless the transformation
can be partitioned into a regular transformation T; changing g angular coordinates
into angular difference coordinates (see equations 5.14 and 5.15) and a non-regular
transformation Ty eliminating the remaining angular coordinates from state vector x
(see equations 5.16 and 5.18). For second transformation columns resp. rows in every
matrix resp. vectors referring to angular coordinates have to be eliminated. Therefore
generalized right inverse T3 (see equation 5.17) can be used.

: . T
[Apr ... Apy 01 oo o @1 .. o] =T [:’Z] (5.14)
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5 Drivetrain modeling employing system reduction

I 0 _ : 0 1 _ 0 0
T1 |:0 M] ']:‘1 1T1 l:z:| = Tl l—K —D:| ']:"1 1T1 li] + T1 |:BR:| TR + T1 lBC] TC
(

5.15)
X = [A(pl e A(,Dg Sbl N @N]T = T2T1 lz] (516)
T; = T] [T,TI]™ (5.17)
I 0], 0 I _ |
T, T, [0 M] T{'TS T.T, [ ] - T,T, [_K _D] T{'TS T, T, [g_ .
M * A x
0 0 |
SRR T2T1 TR + Tng TC (518)
Br Bc
%/—’ 5,_'/
Br Bc
Mk — Ax + Burr + Bore = Ax + [Br Bo] [TR] (5.19)
~—_— TC
B W_J
x=M'Ax+M 'Bu (5.20)
S~— ~—
A B
Remark 19.
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e The state vector x consists of g angular differences and N rotational speeds.
Where g is the number of flexible shafts and N is the number of inertias in the
drivetrain topology.

e Matriz M is diagonal. It includes moments of inertias and unity masses, due
to g additional entries in x. Therefore it is positive definite and in consequence
invertible:

M =M" >0 (5.21)

e Input matriz B contains zero rows ensuring that external torques and clutch
torques can only act on inertias.

e In the special case K = 0 the angular difference states can be removed. Therefore
A and consequently A become symmetric matrices:

A=AT = A=AT (5.22)

e Since state transformations T1 and Ty do not change angular velocities (see re-
mark 6) it is valid to use common state transformation without regarding conser-
vation of system energy and further mechanical constraints (see chapter 2.6.3).



5.4 System reduction due to locked clutches

5.4 System reduction due to locked clutches

Locking one or several clutches corresponds to introducing holonomic, scleronomic
and linear resp. ¢ constraints into the mechanical system. 7¢ can be separated into
slipping and locking clutches:

M@ = —Dg — K¢ + BrTr + BoaTos +BokTcx (5.23)

F
MQO =F + BC,lkTC,lk (524)
5.4.1 Dual Space of linear mapping

For proofing relation between B¢ 1 and constraints due to locked clutches the concept
of dual space of linear mapping is used.

Definition 12. Dual space of linear mapping (see [5])
To every linear mapping:

A:VoY (5.25)

there exists a dual mapping:

ATV (5.26)
satisfying:
x,y)y=&y) | xeV, xeV, yeV*andy e V™. (5.27)

V* and V'* are called dual spaces of V and V'

Figure 5.1 summarizes the relations used in definition 12.

xeV 2 xe)
| |

<X’ y> = <X,’ y,>
) )

y c V* (A_ yI c VI*

Figure 5.1: Illustration to the dual space of linear mapping

Due to conservation of energy in mechanics transformation of force and velocity, resp.
torque and angular velocity, form a dual mapping (see definition 12). According to
equation 5.23, B¢ maps clutch torques 7¢ to resulting torques T¢ acting directly on
inertias:

Tc = BeTe (5.28)
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5 Drivetrain modeling employing system reduction

Due to the equilibrium of power the following equation holds:

(T @) ={Tc, Ape), (5.29)

Consequently mapping of inertia’s velocities ¢ to differential speeds on clutches Ap
must fulfill:

Age =Bl (5.30)

5.4.2 Interpretation of locked clutches’ torques
One condition to enable clutch locking is:
A‘Pc,lk =0 (5-31)

According to equation 5.30 constraints due to locking clutches can also be formulated
in terms of inertias’ angular velocities:

Blup =f(p) =0 (5.32)

Since this constraints are holonomic, their integrability is ensured. Consequently they
have to hold also in terms of angular coordinates ¢:

0
Bg,lk‘P =f(p)=0 = J;= % (Bg,lk‘P) = B:g,lk (5.33)

In state space formulation the same considerations are valid:

0

Blix=f(x)=0 = J;i= p

(Bg,lkx) = Bg,lk (5.34)

—_ . p— — — T —_
Mx = Ax + [Br Bcgl [Tch] +Bc T

"

g

F
Mx = F + BchTch (535)

Remark 20.

e The transposed Jacobian matriz of constraints JI' equals input matriz of locking
clutch torques Bc ik resp. Bk, due to conservation of energy.

e Torques transmitted on locked clutches T assume role of Lagrangian multi-
pliers (compare equation 2.18 and 5.2/ resp. 5.35).

e Constraints can be formulated either in terms angular velocities @ or angular
positions @, because they are holonomic and therefore integrable. A constraint
coupling angular positions ¢ and angular velocities ¢ is non holonomic although
such a constraint would still be linear in x (see also remark 3). Block structure of
the matriz B¢ (see equation 5.18) ensures that constraints due to locking clutches
are holonomic.
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5.5 Conclusion

5.4.3 Application of system reduction

As shown in chapter 2 it is possible to eliminate Lagrangian multipliers (torques trans-
mitted on locked clutches) and transform the system to a minimal set of differential
equations, by finding a fitting basis J, to J¢’s null space.

JTMI,G = ITAJq + 37 [Br Bo] [:i] (5.36)

NMé = JTATq + 37 [Br B [TR]
TC

= MITAT, g+ M-I [By Be] [TR]
—_— N o | TC

A Bx B
4 =Aq+ Bu (5.37)

Remark 21.

e The unreduced system (equation 5.19) considering all clutches to be in slipping
state and the clutch state (containing the information which clutches are slipping
resp. locking) form a set of reduced subsystems (equation 5.37) due to additional
constraints caused by locked clutches.

e Due to chapter 3 stability of the original (unconstrained) system (equation 5.19)
guarantees stability of all reduced subsystems (equation 5.37).

e Due to construction of J., B contains zero columns, confirming that it is not
possible to impress torques on locked clutches, i. e. for a locked clutch the corres-
ponding input is deactivated.

5.5 Conclusion

In consequence of considering the clutch state, defining which clutches are slipping
resp. locked, to be a time varying quantity, general drivetrain models are switching
systems. Standard drivetrain modeling requires calculation of the different systems
according to all possible clutch states (two to the power of the number of clutches) in
advance.

This chapter however shows that the dynamic of a general drivetrain is fully described
by the mathematical model considering all clutches to be slipping, i. e. not locked,
and the additional binary information of the clutch state. The essential point thereby
is the fact that columns of the clutch torque input matrix, that correspond to locked
clutches, define the transformation that is necessary for applying system reduction in
order to achieve a minimal set of differential equations.
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Exemplary application of system
reduction in control

So far this work offers a general modeling approach to linear constrained
linear multibody systems presented in chapter 2 and more specific to
general drivetrain topologies presented in chapter 5. This approach is now
applied to an exemplary hybrid drivetrain topology. Further the advan-
tages of this approach and the mechanical peculiarities of the topology are
used to design a model-based control system, controlling gear shifts, while
tracking a required vehicle speed trajectory.

6.1 Topology and notation

The considered drivetrain topology (see figure 6.1) is hybrid, in terms of it contains
both a combustion engine and a electric motor, automatic transmission drivetrain.

WE Cong, JRE} Cl }777

= —
J] flrd |$~
M 7| 0 M Tc1 Co L, Jr D J
E =
;;' R . 03 ZF

T T
M B reductlon Ravigneaux 7. Tc PF
gear gear set
set

Figure 6.1: Simplified scheme of a hybrid-electric automatic transmission drivetrain [15]. For nota-
tion see table 6.1.
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6 Exemplary application of system reduction in control

Notation

Variables Indices

C clutch C  clutch

d damping constant E  combustion engine

1 gear ratio d  damping

J inertia F  gearbox output

k  spring constant J inertia

T  torque kin kinetic friction

w angular velocity electric motor

© planet carrier (planetary gear set)

M
angular position P

R

S

<

ring (planetary gear set)
sun (planetary gear set)
vehicle

Table 6.1: Notation of the considered drivetrain topology (see figure 6.1)

6.2 Modeling

In this chapter the general method of drivetrain modeling presented in chapter 5 is
shown in detail by an exemplary application. To keep track of the single steps here is

an short overview:

1. Equations of motion (section 6.2.1)

2. Incorporation of gear ratios (section 6.2.2)

3. State space model (section 6.2.3)

4. State transformation: angular wheel speed — vehicle speed (section 6.2.4)

6.2.1 Equations of motion

As shown in general in chapter 2 and more specific for drivetrain topologies in chapter
5, the dynamic of the presented drivetrain can be linearly modeled by a set of ordinary

differential equations second order:

M¢=—[Dkin+Dd]Qb—KQO+BRTR+BcTC

~—— —

S
D

©" = |oe wr, oM @F @]

T
TRZ[TE TM Tv]
Br = [Bz Bu By]

(6.1)

Matrix Dy, includes additional kinetic friction acting on each inertia. Disregarding
gear ratio ip and planetary gear sets in a first step, enables direct definition of matrices
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6.2 Modeling

M, K, Dy, D4 and Bg:

[Js 0 0 0 0 000 0 O
0 Jg, 0 0 0O 000 0 0
M=|0 0 Jyu 0 0], K=|000 0 0
0 0 0 Jg O 000 k —k
0 0 0 0 Jv 0 00 -k k|
(d; 0 0 0 0 (000 0 0]
0 dg 0 0 0 000 0 0
Din=|0 0 dy 0 0], Dag=|000 0 0 (6.3)
0 0 0 dy 0 000 d —d
(0 0 0 0 dy 0 00 —d d
1 0 0
00 0
Br=|0 1 0 (6.4)
00 0
0 0 -1

Due to Newton’s third law of motion (see chapter 2.1 ) matrices Dg and K have off
diagonal elements with converse signs.

6.2.2 Additional gear ratios

Final gear ratio

For correct incorporation of final gear ratio ip in stiffness matrix K, potential energy
in the spring has to be considered:

k 1

V=35 [or — ov]” = §SOTK90 (6.5)

After regarding gear ratio ip, potential energy still has to be a quadratic function of
angular positions (. Therefore matrix K has to be transformed:

2
V=§[f§—<ﬁv] éécpTTTfﬂp (6.6)
1 00 0 0
01000
=T=1{001 0 0 (6.7)
000 i 0
000 0 1

The same consideration can be made on damping matrix Dy and dissipation in the
damper. Using the introduced transformation T, stiffness matrix K and damping
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6 Exemplary application of system reduction in control

matrix Dy, can be transformed (— K, Dy), with respect to the gear ratio ip:

000 0 0
000 0 0
K=T'KT=(0 00 0 0 (6.8)
000 & -k
g P
000 —£ &
R
000 0 0
000 0 0
Dy=T'Dy2T=|0 00 0 0 (6.9)
000 £ -4
g 1R
000 —2% 4

Damping matrix D assemblies the damping due to kinetic friction Dy, and the damp-
ing due to additional damping elements Dy:

dy 00 0 0
0 d 0 0 0
D=Dg,+Dg=|0 0 dy O 0 (6.10)
00 0 dy+3s —£
00 0 —L d+d

This is a simple approach to regard one additional gear ratio in drivetrain topology.
It can be generalized to several gear ratios. Construction of transformation matrix T
in that case becomes more complicate due to the fact that possibly one coordinate is
affected by more than one gear ratio.

Planetary gear set

Gear ratios in planetary gear sets are described by the Willis-equation (see for example
[16]). It introduces linear dependencies between angular velocities (resp. angular
positions) of the connected shafts and constant stationary gear ratios.

In this example (reduction gear set and massless Ravigneaux gear set) the stationary
planetary gear set ratios i5y , iss, ite and i5¢ fully describe the gear ratios between the
connected shafts (see [16]). Therefore they are considered as given constants. In this
example the outputs of the planetary gear set are rigidly connected on the one hand
to inertias and on the other hand to clutches. Therefore, these constants can be used
to define the mapping of clutch torques to torques acting directly on inertias, i. e. the

input matrix B¢:

-1 0 0 0
—1 & 0
BRI R (6.11)

1
‘-R2 -R3 R2 0
0 ‘-R2  R2 R2
0

‘R1
Bc = f(281 15252835 181 ) =

tpm 31 U3
0O 0 0
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6.2 Modeling

As shown in chapter 5 matrix B¢ on the one hand maps impressed clutch torques 7¢
on torques T¢ acting directly on inertias in slipping case and on the other hand defines
the additional holonomic constraints in locking case.

6.2.3 State space model

In order to applicate common control methods it is useful to transform the math-
ematical model into state space form (see also chapters 2.6.2 and 5.3):

o ) 2] [ o] [2) [ o [l 612

As already mentioned in chapter 5 the number of differential equations can be reduced
due to the fact that angular velocities are of interest, but most angular positions are
not.

x=|[¢r ¢r, Pm ¢r Pv A (6.13)

000 0 0 1000 0]

0000 0 01000

0000 0 0010 0]|[ep
X:0000000010[¢]

0000 0O 00O0O0 1

000 ; -100000

T=£T1

The transformation achieves a set of 6 differential equations first order:

I 0], ' 0 I _ |
T, T, [0 M] T{'T T T, [g] - T,T, [_K _D] T{'TS T T, [g_
0 0 ]
R C
%/_z %,_'/
Bx7R, BX,C
MX).( = AXX + BX,RTR + BX,CTC (615)
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[Js 0 0 0 0 0]
0 Jgy, O 0O 0 O
_ 0 0 Ju 0 0 0
Mc=1o 0 o Je 0 0
0 0 0 0 Jy 0
(0 0 0 0 0 1
[—d;, 0 0 0 0 0 |
0 —dy 0 0 0 0
B 0 0 —d 0 0 0
Ax=|l0o 0 0 -d-4 4L _k
7 1R R
0 0 0 % —d;—d k
0O 0 0 L —1 0
| iF _
[1 0 0|
00 0
_ 01 0
Bar=10 0 o
00 —1
00 0
(-1 0 0 0]
1 -1 48 0
S I
Bic=1 e e i (6.16)
0 0 0 0
0 0 0 0|

6.2.4 vehicle speed - state transformation

Definition of wheel radius r enables transformation of state py representing angular
wheel speed to vehicle speed v =1 - py.

On 10000 0] ¢r

éry 01000 0f[¢r,

oM 00100 0|][¢u

or | 100010 0] ¢p (6.17)
ov 0000 2Lof]|w

_Agol_ _0 00 00 1_ _A(,Ol_

Hx,_/\ TIF\ JTJ

In contrast to the above transformation of angular position to angular differences, this
state transformation concerns angular velocities. In order to ensure consistency with
respect to constraints, denoted in columns of Bx,c, it is necessary to apply the energy
preserving state transformation as defined in chapter 2.6.3:
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6.3 Drivetrain control task and assumptions

Js 0 0 0 0 0
0 Jgy O 0 0 O
- - 0 0 Ju 0 0 0
_mT _ M
M, =T'MT= | o o', (o (6.18)
0 0 0 0 & o
0 0 0 0 0 1

Note that weighting of the fifth differential equation, describing vehicle dynamics, is
now the vehicle mass (my = i—;’) Chapter 2.6.3 also offers necessary relations between
the remaining system parameters in z- and z-coordinates (equation 6.17):

—d; 0 0 0 0 0 |
0 —dy 0 0 0 0
_ o 0 0 —d 0 0 0
Ay =MTI"MIAT=| o o 0 —g-4 4+ _k (6.19)
0 0 0 4 _dw ok
0 0 0 1 1
| (23 I8 n
[1 0 0 ]
00 0
_ - - 01 0
— 1L —
B,r =M,T'M'Bir= |, o |
00 -1
(00 0
BZC = MzTill\_/I;le,C = BXR
M,z = A,z + ]_327RTR + ]_32,07'@ (6.20)

To improve readability from now on the following notation is used to describe the
system in equation 6.20:

Mx = Ax + Br7r + BeTe (6.21)

6.3 Drivetrain control task and assumptions

Main ambition in drivetrain control is to provide an output torque at vehicle wheels
to achieve a desired vehicle acceleration specified by the driver via accelerator pedal.
Based on this torque request and other parameters, e. g. internal angular velocities or
state of charge of the battery, the controller has to choose a fitting gear and potential
torque split between combustion engine and electric motor in case of a hybrid drive-
train. Choice of gear and performing necessary gear shifts without influencing output
torque on the wheels is the main challenge in drivetrain control.
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6 Exemplary application of system reduction in control

Within this work the focus is on gear shift control. In the following exemplary applica-
tion (for drivetrain topology see figure 6.1) the actual gear (G;) and future gear (Gs),
as well as potential torque split ratios and also the time when the shifting process is
started are considered to be known in advance. Therefore the main task is to perform
a defined gear shift while tracking required vehicle velocity.

6.3.1 Considered gear shifts

As a further restriction the following approach considers only conventional gears Gy
and Go. Conventional gears are gears that are stationary drivable with respect to
the combustion engine. In consequence transmission from the combustion engine to
the wheels has to be possible without impressing any torques in slipping clutches.
Therefore gearbox output angular velocity (wg = 24) has to define angular velocities
of the combustion engine (wg = z1), and consequently of the electric motor (wy = z3)
and also wg, = x9. Further there exists a stationary relation between a desired vehicle
speed (v = x5) and angular velocity of the combustion engine (see also chapter 6.4.4).
To achieve this condition in valid gears G; and Gy clutch Cy and two more arbitrary
clutches have to be locked. The set of all valid gears in this sense is summarized in
table 6.2. It is an important fact that it is mechanically not possible to lock all four
clutches at the same time, because of opposing constraints. This would end up in
destruction of the gear box. Consequently in any valid gear shift first one clutch has
to return to slipping state before another one can transition to locking state. Hence
the necessary interim gear (G;) for any valid gear shift is defined in advance. The
necessary interim gears are presented in table 6.3.

gear | clutch state gear clutch state
Co G G G Co G G Gj
G, |1 0 1 1 Giaob |10 0 1
G, |1 1 0 1 Giave |1 0 1 0
Go |1 1 1 0 Giboe |1 1 0 0
Table 6.2: Conventional gears Table 6.3: Interim gears

6.3.2 State observation

The actual state vector x is considered to be known at any instant of time, i. e. there
exists an ideal state observation. The same assumption is done on the actual clutch
state containing the binary informations if clutches are locked or in slipping state,
i. e. not locked. It should be noted that knowledge of actual clutch states implies
knowledge of gear shift time T}, and consequently gear shift duration AT, afterwards.
To approximately realize this assumption a state observer has to be designed. [17]
covers the design of a state observer on this exemplary drivetrain layout.
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6.4 Control strategy

6.4 Control strategy

The basic control strategy to achieve the control task defined in chapter 6.3 is flatness-
based propulsion torque feedforward control with underlaid LQR feedback control loop
and model free clutch torque feedforward control.

Below is a short introduction into the single tasks covered by the single elements of
the used control strategy before going into detail with respect to their mathematical
design.

« Model free clutch torque feedforward control: Controlling the clutch
torques T¢, enables on the one hand keeping of the current gear and on the
other hand the initiation of a required gear shift.

o Flatness-based propulsion torque feedforward control: Flatness-based
propulsion torque feedforward control calculates the necessary actuation on the
system on the one hand the to achieve required vehicle speed and on the other
hand to support gear shifts, initiated by clutch torque feedforward control, em-
ploying drive torques of combustion engine 7 and electric motor .

« LQR feedback control: With respect to possible model uncertainties and ex-
ternal disturbances 7y an additional feedback control is indispensable to achieve
a robust control system. Employed actuators are again drive torques of combus-
tion engine 7 and electric motor ;.

In the following the control strategy is summarized beginning with the clutch torque
control and the mathematical models of the involved systems, going on to fitting ref-
erence signals and finally to the design of the used feedforward and underlaid feedback
control system.

6.4.1 Clutch torque control

Due to remark 21, clutch torque 7¢ is not impressed on a locked clutch, ensured by
a zero column in the reduced input matrix. The transmitted torque is defined by the
corresponding Lagrangian multiplier (7¢, see remark 20). Nevertheless the value of
Tc, defining a certain pressure on clutch plates, is essential even in locking state. If 7¢
exceeds the value of the corresponding Lagrangian multiplier, the clutch stays locked,
otherwise it will start slipping. Note that the value of the Lagrangian multiplier is a
function of the states x and acting torques 7.

Therefore in stationary case keeping a clutch torque on a certain constant level T¢ max
higher than the value of the corresponding 7, ensures that a locked clutch stays
locked. In order to initiate a specified gear shift at time Ty iniy clutch torque 7¢ of the
clutch, which is desired to start slipping can be decreased from 7¢ = ¢ max t0 zero in
a specified time (clutch ramp time ATy). Note that from the moment when locking
state is left the slipping clutch torque is actually impressed in the clutch. The opposite
approach, increasing impressed clutch torque in a clutch from zero to maximum clutch
torque Tc max, can be used to force a slipping clutch to lock. To avoid unnecessary
dissipation it is useful to delay closing clutch until the first clutch definitely returned to
slipping state. Figure 6.2 shows the initiation of a gear shift (G; — Gz) in a stationary
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6 Exemplary application of system reduction in control

driving situation (7¢, = const., 7¢p = const.). Thereby clutch C, returns to slipping
state and clutch C, transitions into locking state.

|74

7—C_,max
7:Ca
TCb

f———
ATy

Figure 6.2: Initiation of a gear shift in a stationary driving situation

6.4.2 Switching system

Performing gear shifts as defined in chapter 6.3.1 requires consideration of a system
switching between three sub systems (Xq1, g2 and Xg;), which are all subsystems of
the unconstrained system X (see figure 6.3). The difference between the systems is that
Y1 and Y.go have to satisfy a different additional constraint (locked clutch) compared
to Xqi. Therefore systems Yg; and Yo can be calculated applying system reduction
(see chapters 2 and 5.4.3) on the interim system Xg;. The interim system X¢; itself
can be calculated applying system reduction (two locked clutches) on unconstrained
drivetrain state space model (equation 6.21):

S: Md=Aq+[Br Be] [TR]

TC
\
Sai: JEaiMIcaiGe = JL giATxciqc + Jiqi [Br B [TR] (6.22)
—_— —_—— ~ ~ e
MGi AGj BGi

dci = Mg Aciqe; + Mg Beiu

| S —— N —
Agi Bai

Definition of transformation matrices Jx g1 and Jy gige (basis to the null space of

the Jacobian matrix of the additionally activated constraints) defines relation between

Yai and Xg1, Bao:

. qT Y : T A T F
Yo JraiciMaidxcicr Qa1 = Jx giciAcidxcer dar + Jx giciBaiu (6.23)
“ ~ J “ ~ / ————
MGI AGl BGI

da1 = MgiAciger + Mg B u
—_— Y

Aci Ba:
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6.4 Control strategy

1T v . _ 1T & T R
Yaz Iy cicaMaidxcicz Qa2 = Iy gigaAcidx,c2 a2 + Jx giceBaiu (6.24)
. ~ J « ~ " R ——
Mcaa Ag2 Bao

a2 = MééAez(k;z + 1\716%]_3(;2 u
—_— Y

Ago Bae2

Jycic :
Jxai = Lci i
§

Figure 6.3: Relations between the subsystems involved in a gear shift

The restriction on considered stationary gears G, G and consequently G; (see chapter
6.3.1) and the design of the transformation matrices Jx gi, Jxaic1 and Jxgiga (see
chapter 2.6) enable important relations between the states respectively coordinates
and between the system parameters:

Remark 22.

e The set of generalized coordinates in system Yq1 equals the set of generalized

coordinates in system Xago. Both are a subset of the set of generalized coordinates
in system Xg; and further of the unconstrained coordinates in system Xi:

{dc1} = {ace} S {qai} € {x} (6.25)
Consequently holds:

{Ac} = {Ac} < {Aai} € {A} (6.26)
In the sense of: Matm’ces_AGl and Agy are equal and appear as block in matriz

Aci and further Ag; in A.

The different gear ratios in Yg1 and Yaz are stated in the first rows of the input
matrices Bg1 and Baa (mapping: g, v — Ty )-

The different system dynamic in the systems Yq1 and Ygs 18 a consequence

of the different first diagonal elements in matrices Mg, and Mgy (mapping:
JE7 JR37 JM = JF)

6.4.3 Flatness-based design of linear feedforward control

This chapter discusses the general method of flatness-based linear feedforward control
design based on [18] and [19] in SISO and MIMO case. Afterwards the method is
applied on the exemplary drivetrain.
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6 Exemplary application of system reduction in control

The basic idea of linear feedforward control is to calculate a necessary actuation u to
achieve a specific behavior of the linear system specified in x and x.

x=Ax+Bu = u-=f(x,x) (6.27)

Thereby two problems occur:

o Input matrix B in general is a non quadratic (but full column rank) matrix.
Therefore there is no unique solution of equation 6.27 with respect to u.

e Due to differential dependencies between the coordinates x, determined in the
dynamic matrix A, in general arbitrary specifications of x and x do not define
feasible system dynamic.

Both problems can be solved by usage of flatness property of controllable linear sys-
tems.

Providing the considered system (SISO for the moment) is controllable!, there exists
a regular state transformation z = Tx that transforms the system into its controllable
canonical form:

0 1 0 0
a=1 1 : z+ || u (6.28)
0o ... 0 1 0
—Qg —Ap—2 —Qp-1 1
— ~ L W—J
AAC=']:‘.¢A':[‘71 Bc:TB
_21 z1 <1
Z % 21
2= || =1 Cn= | (6.29)
B B P

According to equations 6.28 and 6.29 entire system dynamic is constituted by one n-
times differentiable trajectory z;(t) and its n derivatives (z;(t) — z,z). Consequently
there is no problem in defining feasible system dynamics. Coordinate z; is called flat
output of the system and the system’s controllability ensures its existence. At the
same time transformation into controllable canonical form enables direct calculation
of the necessary actuation u as function of the desired system dynamic (21(¢) — z,2)
by evaluating the last row in equation 6.28:

()

u=2z "'+ an_1z§n_1) + it a2z +agz = z%n) - ajj Z (6.30)

The n-times differentiability of the trajectory z;(t) and the calculation of its derivatives
can be realized by e. g. filtering. An appropriate filter structure is suggested in figure
6.4 can be used.

'For controllability criteria see [11].
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z(n)
1)
g(il—?)
=o—{IH—{f+-TH-TH—
knfl kan E]ig
KU S

Figure 6.4: Low-pass filter n-th order

Filter coefficients

In order to achieve a common low-pass filter transfer function n-th order, defined by
only one parameter 7,
1

F(s) = GreD™ (6.31)

the filter coefficients ki, ..., k, (see figure 6.4) are:

ki = <77>ri, i=0,....n (6.32)

Proof.
Transfer function F(s) of the suggested filter structure (figure 6.4) is given by:

s"Z(s) = k— [2(s) = k15" 2(s) — -+ — koZ(s)]
Z(s) = 1
2(s) =F(s) = ks + k15" 1 + - + kg

Equation 6.32 can be easily proofed equating coefficients of suggested filter F (s) and
desired filter F(s):

1 1
(s7+1)" (Mysrrr 4 () st 44 (D) sT + (5)

F(s) =

1 ! 1
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6 Exemplary application of system reduction in control

In MIMO case flatness-based linear feedforward control can be applied similar. Again
controllability property guarantees existence of a state transformation z = Tx to
controllable canonical form:

z = Az + Bou (6.33)

Equation 6.34 shows the structure of system’s dynamic matrix A, and its input matrix
B. in MIMO controllable canonical form.

0 1 0 0 0 |
0 0 110 0 |
Ac = : y Bc =
0 0 [0 1 0 0
0 0 |0 0 1 Mlm
| (* Lek & * ] |

Both decompose into m parts, where m is the number of inputs. This decomposition
also appears in state vector z:

. T
Z = [zl T G AU N z%‘mfl)} (6.35)
M1, - - - b denote the controllability indices of the corresponding inputs wuq, ..., Uy,.

Due to controllability of the system following condition on the sum of these controlla-
bility indices holds:

i i =n (6.36)
i—1

In consequence feasible entire system dynamic is specified by m pu;-times differentiable
trajectories z; (1 = 1,...,m).

Evaluation of the o;-th (see equation 6.38 and dark highlighting in equation 6.34) rows
of equation 6.33 enables unique calculation of necessary actuation u for a required

feasible system behavior (z1(t), ..., z,(t) — z,2):
u=B_, |z, —A.,z], with (6.37)
k
Uk:ZMn k=1,...,m (6.38)
i=1
o=[o1...0m]" (6.39)
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Application on drivetrain model

Back to the exemplary drivetrain and considered gear shifts, systems X and g are
controllable with respect to either the combustion engine or the electric motor. Con-
sequently there exist each two transformation matrices (Tg1 g, Taim, Taoe, Taam)
transforming systems g1 g, 2c1.M, 2aGe,E Tesp. 2azMm into SISO controllable canonical
forms with respect to engine or motor.

As extension to remark 22 in this example modification of the first diagonal element
of matrices M1 or Mg, has only a scaling effect on the corresponding transformation
matrices. Consequently it is possible to use only one transformation T for all four
systems, taking the loss of normalization of the input matrices B. in controllable
canonical form.

The possibility to use only one transformation matrix T to achieve a kind of con-
trollable canonical form of the systems (Xq1 g, Yc1m, La2,E, 2azM) implicates that
feasible system dynamics of all four systems can be defined by one common flat output
trajectory z;(t) and its derivatives.

Equations 6.40 and 6.41 show calculation of necessary actuation to achieve a desired
system behavior (z1(t) — z,z) in gear Gy and Go.

_ [ 1 ]
[gaw]: Bore _[Z@_agﬁmz] (6.40)
GL,M ba1,Mm
_ 1
[SGZ,E]: Far -[25”)—33,@,@] (6.41)
G2,M by,az |
_ T
a=la 4 . A (6.42)

Note that parameters bgi1 g, baim, bazr and bgey denoting the last elements of the
transformed input vectors of the systems Y1 g, Lci1.m, La2.p and Xaa v (see equations
6.43) are in general not equal to one (compare to equation 6.28), due to scaling of the
transformation matrices.

— 0

Bccig = TBgir = ber E] (6.43)
— 0

Bccivm = TBaiv = ber M]

- 0
B.g2r = TBaog = ]

- 0
Bccem = TBaam = leQ M]

Due to their calculation ug; g or tgi v resp. Ugag O Ugz M separately are the necessary

actuations in gear Gy resp. Gy for the required system behavior with respect to
combustion engine or electric motor.
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6 Exemplary application of system reduction in control

The power P impressed by an rotational actuator is the product between the torque
7, which the actuator applies, and the corresponding angular velocity w:

P=71-w (6.44)

With respect to the fixed angular velocities in stationary gears (see also chapter 6.4.4),
power impressed by the actuators is only defined through the torques ug1 g and g1 m
resp. Uz and Ugenm. Consequently simultaneous usage of both actuations is not
going to achieve the required system behavior, since twice the power which is necessary
would be impressed into the system. In order to get rid of this excess of power,
actuation has to be split up into two parts:

um = kaLM, with k’M = (1 — kE), and 0 < kE < 1

This additional degree of freedom kg is called torque split between combustion engine
and electric motor. Due to equation 6.44 and fixed angular velocities it is also the
power split between the two actuators. According to this consideration equations 6.40
and 6.41 are adapted:

kc1,E

UGLE] ba1,E [ (n) T -
= | (-kcir) | " [*1° T AcGin? (646)
U ( G1,E ) )
[ G1.M bc1,m
ka2,E

UG2,E bGa,E [ (n) T =

= | —ke “[F1 T T Acaen? (6.47)
|:uG2,M:| (bMCéQzE) o

Note that the combination of the torques ugi;p and ugim resp. uger and ugsm
calculated in equation 6.46 resp. 6.47 achieves the required system behavior in gear
Gy resp. Go.

Analysis reveals that the interim system Xg; is controllable with respect to both com-
bustion engine and electric motor. Therefore there exists a transformation T to trans-
form Yg; into MIMO controllable canonical form.

The restriction on considered stationary gears G1, G2 and Gi (see chapter 6.3.1) and
consequently remark 22 enable following unproved remark:

Remark 23.

e It is possible to use one transformation T to transform the controllable systems
YG1E, YoM, a2k ond Xaam into a kind of SISO controllable canonical form
(see remark 22):

Tair = Taim = Taer = Taom =T (6.48)

e Transformation T is part of the transformation T, which transforms system Y
into MIMO controllable canonical form:

Te; = [0 T ] =T (6.49)
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Considering the exemplary drivetrain, systems g and Yo have system order ng; =
nge = 3. Feasible system dynamics (z, i) therefore can be described by one trajectory
z1(t) and its first, second and third derivative (see equations 6.28 and 6.29). Interim
system Yg; is a system of order ng; = 4. According to remark 23 corresponding MIMO
controllable canonical form decomposes into two parts with controllable indices p; = 3
and py = 1. Consequently feasible system dynamic (z,z) for system X¢; is entirely
described by two trajectories z1(t) and z4(t):

z=[zl 21 2, 24]T:[ZT 24]T (6.50)
=[5 % %5 oz 4l =27 al (6.51)
(6.52)

Entire flatness-based propulsion torque feedforward control is defined by summarizing
equations 6.40, 6.41 and 6.37:

[ . kG1,E
UG1E bg1,E (n) T -
= | Q=kegip) | " |*F1 "~ T AccinZ (6.53)
GLM] bg1,m
. ka2,E
uGQvE bG2E [ (n) T —
= | Q—kc 1A T Acgon?
[“GQ’M- e A
UGi,E -1 .
. = BC,Gi,O'k [Zo'k - A‘C,Gi,O’}CZ]
uGl,M_

n=3 m=3 m=1, o=[3 4] (6.54)
0<kce<l, O0<kgr<l

Equation 6.55 rewrites equation 6.53 in compact matrix notation.

- kcie 0 0 ]
_ _ T — _
U G1,E z
GLE (1—kg1,B) 0 0 T 0 10 .1
UG1,M bai,Mm —A.G1n 21
k ’ .
UG2,M 0 (1—kg2,E) 0 —a. zi3 1 0 Z4 '
baa,Mm T
UGi,E BT 17! —A.Gia 01 Z1
| UGiM | 0 0 G1,3 [ <4 ]
- c,Gi4 ;

Definition of a 3-times differentiable trajectory z;(¢) and once differentiable trajectory
z4(t) enables continuous calculation rule for necessary actuations ug(t) and uy(t) to
achieve desired system behavior (z1(t), z4(t) — z,2):
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6 Exemplary application of system reduction in control

uGl’E(t) t < T,
| uc1m(t) | ’ ®
) .
ug = [uE(t)] _ || veze(®) Ty <t < Ty + ATy (6.56)
UM(t) UG2,M t

ucie(t)

ugim(t

], t > Ty + ATy

It is a so far undiscussed issue how to plan trajectory z;(t) in stationary gears G; and
G, to track the required vehicle speed and how to plan trajectories z1(t) and z4(t)
in interim gear G; in order to support a required gear shift. Remark 24 states an
important fact, to clarify this issue.

Remark 24.

The flat output z1 of the systems Yq1, Xa2 and Xq; 18 approrimately the vehicle speed
v:

21 xR Ty =V (657)

Actually it is a linear combination of the differential angular velocity of the flexible
shaft x¢ and the vehicle speed xs. The approrimation would be exact for damping
constant d = 0.

According to remark 24 planning trajectory z;(t) is approximately equivalent to plan-
ning vehicle speed trajectory v(t). Consequently every three-times differentiable tra-
jectory is approximately a feasible vehicle velocity profile.

As already mentioned in chapter 6.3.1 in gears G; and Gg definition of a constant
reference vehicle speed v, = x, 5 requires stationary angular velocities in the whole
drivetrain X, g1, resp. Xy a2,0:

XG0 = £(2r5) (6.58)

Xr,G2,00 = f(xr,B)

The stationary reference states X, g1,0 resp. Xy g2 (for calculation see chapter 6.4.4)
are consistent with respect to the corresponding constraints. Consequently a smooth
change of operating point from X; 1.6 t0 X, g2 iS equivalent to a smooth change
of constraints. Planning of trajectory z4(¢) with respect to this consideration will
tend the combustion engine and the electric motor to support the gear shift, i. e.
decreasing the differential angular velocity of the clutch that is supposed to transition
into locking state to zero. Therefore the next chapter deals with the determination of
the stationary consistent reference states x, o, the smooth change of operating point
and the resulting trajectories x, resp. q,. Due to the fact that this approach is based

64



6.4 Control strategy

on an approximation (see remark 24) subsequent filtering of the required trajectories,
planned in x resp. g-coordinates and transformed to z-coordinates is necessary (— z,).
For this purpose a filter structure as suggested in figure 6.4 can be used for each
trajectory. If combining feedforward control and feedback control (see figure 6.8) the
transformed and filtered trajectories have to be back transformed (— @), to provide
correct reference values for the feedback controller. Since the controller deals with
reduced coordinates (qai, qge resp. qgi) this back transformation T~! has to be
adapted with respect to the current gear, i. e. T~' in gears G; and G, and T~! in
interim gear G;.

Figure 6.5 shows the general structure of the flatness-based feedforward control design.

l cs,ts

2 S f——

Y

qr Zy Zy qr
> T 2 P > T >

T

Figure 6.5: Structure of flatness-based feedforward control: T transformation into controllable
canonical form, X filter (see figure 6.4), g v calculation of propulsion torques (see
equations 6.55 and 6.56), T~! back transformation, cs clutch state, ts torque split

6.4.4 Consistent reference trajectories

As already mentioned, in the considered stationary gears (G; and Gs) there exist sta-
tionary relations between vehicle velocity and angular velocities of remaining inertias.
In order to specify stationary consistent sets of reference values %, g1,0 and X, g2, it is
necessary to calculate these stationary gains of the systems. The following calculations
are exemplary done on system ;.

In a first step defining vehicle speed z5 to be the system’s output (— Cg;) and
using final value theorem of Laplace transformation (see equation 6.61) enables
calculation of stationary necessary input for one actuator (i.e. engine or motor).

Ty 5(S)

() Cai [SE — Aci] ' Bas (6.59)

GGl (S) =

tlirg Tys(t) = Trpoo = lir% s - Tr5(s) = liII(l)S -Gai(s)u(s)
. u _
= £%$ -Gai(s) - ?‘O = Gg1(0)uyg = —CGlAG%Bwa (6.60)

= U = — [Ca1AGiBa]| ™ Zrpe (6.61)
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6 Exemplary application of system reduction in control

Equation 6.61 and again final value theorem define stationary states qa1 . depend-
Ing on Ug:

dci1(t) = Aqiqai(t) + Baiv = qai(s)s = Agiqai(s) + Baiu(s)
aci(s) = [sI — Aq1] ' Bayu(s) (6.62)

lim qei1(t) = daiee = lim s - qai(s) = lim s [sT — Ag] ™' Baiu(s)
— lim s [sT — Aci] ™ Bai— = lim [sT — Aci]™ B
5—> S 5—>

— A Baiu (6.63)

Equation 6.63 enables final stationary relation between z, 5 o, and qgi,e0:

-1

dcieo = AgiBai [Ca1AGiBai] Zrsm = Sa1,mlrs.0 (6.64)

SGl,f/,

Using transformation matrix Jy ¢ and equation 6.64 achieves a consistent set of sta-
tionary reference values x, o, with respect to gear G; and in dependency on the required
stationary vehicle speed ;5 o:

adG1,0 = SG1,oofL’r,5,oo = X;,Glwo = Jx,GlsGl,oo$r,5,oo (6-65)

Analogously in system Yo holds:
a2, = Sa20Trsw = Xra2m = Jx,a25a62,0%r,5,0 (6.66)

As already mentioned, in order to perform a gear shift from G; to Gy it is necessary
to provide a smooth transition from X, g1 t0 X;G2,0. This approach includes the
requirement of achieving a zero differential angular velocity on the clutch that transi-
tions into locking state, while differential angular velocity on the clutch that returns
into slipping state increases from zero.

Following section offers a general method to generate n-times differentiable smooth
trajectories for change of operating point using a polynomial approach similar to [18].

Polynomial approach for change of operating point

At the beginning a simplified definition of the problem is useful: The task is to generate
an at least n-times differentiable trajectory xz(t), fulfilling the following conditions,
which define a smooth change of operating point:

L. 2z(t=0)=0
2. a(t=1)=1
3. #(t)]1—0 = E(t)]imo = -+ = 2 (t) |10 = 0
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6.4 Control strategy

4 a()ler = E@)er = =2V (@)1 =0

The minimal degree of a polynomial function that satisfies all 2n + 2 conditions is
2n + 1:

2n+1

o(t) = Z at! (6.67)

According to conditions 1 and 3 the first n + 1 coefficients ag, . . ., a, have to be zero.
Determination of the remaining n + 1 coefficients a, 1, ..., a2,+1, using the remaining
conditions 2 and 4, ends up into following linear equation system:

1 1 . 1 | .
(n+1) (n+2) . (2n + 1) a"“
(n+ 1)(n) (n+2)(n+ 1) . (2n + 1)(2n) KA
(n+1)(n)...2) (n+2)(n+1)...3) ... @n+1)(2n)...(n+2)] G2n+1
(6.68)
This approach can now be extended to the following more general conditions:
1. Ql(t = T(]) = 2o
2. .QZ(t = Tl) =T
3. :t(t)|t=T0 = :.L“(t)|t=To == x(n)(t)|t=To =0
4. &)=y, = EO)i=r, = -+ = 2 (O)1=r, = 0
Scaling of polynomial function 6.67 in magnitude and time enables to fulfill generalized
conditions without changing the coefficients a; (i = 0,...,2n + 1):

0 =0t (01—a0) 3 (t—To ) (6.69)
z(t) ==z T — a; .
0 1~ To 2 T, —T,

According to the fact that polynomial coefficients a; do not depend on the constants xg,
x1, To and T3, table 6.4 shows constant polynomial coefficients for orders n =1,...,5
obtained by solving the linear equation system 6.68.

order polynomial coefficients

n ap a1 Az Az Qa4 as Gg az as ag a10 ail
-2 0 0 0 0 0 0 0 0
10 -15 6 0 0 0 0 0 0
0 35 -84 70 -20 0 0 0 0

0 0 126 -420 540 -315 70 0 0
0 0 0 462 -1980 3465 -3080 1386 -252

Uk~ W N+~
o O O O o
o O O O o
O O O oW

Table 6.4: Polynomial coefficients for a n-times differentiable change of operating point
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6 Exemplary application of system reduction in control

According to equations 6.69, 6.65 and 6.66 consistent gear shift trajectories x, can be
formulated in dependency of desired vehicle speed z,5(t), gear shift time T, and gear
shift duration AT:

-

Xr,G1s T < Ty
xi(t) = 4 X1 + (Rean = Xee) Yord 01 (582) . Ty <t < T+ ATy, (670)
L Xr,G25 t > Tos + ATy
er,GlsGl,oo -2y 5(t), t < Ty
[Jx.c1Sc10 + (Jxc1Sarm— - - ’
1 JwSare) Y a, ('ZJT)] caes(t), Ty <t < Ty + ATy
[ Jxc2Sazmw - 2 5(t), t> Ty + ATy

The set of consistent reduced coordinates can be determined by choosing the last four
components of x,:

a:(t) = Dx,(?) (6.71)

Effective gear shift time T, and gear shift duration AT are not yet known while
performing the gear shift. Therefore in calculation 6.70 they are considered to be
design parameters (— Ty init and ATy).

Figure 6.6 shows the generation of consistent reference trajectories in block notation.

l cs
qr

Figure 6.6: Consistent reference trajectory generation: ¥, (see equation 6.70), cs clutch state

6.4.5 LQR feedback control

Due to the fact that flatness-based feedforward control is quite susceptible to model
uncertainties and other disturbances, it is indispensable to extend the control strategy
by a feedback loop.

In this exemplary application a linear state feedback is used to cover model uncer-
tainties and other disturbances. The linear state feedback is designed in an optimal
manner using LQR approach (see chapter 4.3.1). As investigated in chapter 4.3.2 it
is possible to design an optimal linear state feedback on the interim system »g; and
to use reduced controllers for the subsystems >g; and ¥gs. Since stability of reduced
controllers is not guaranteed in advance (see chapter 3.3), it has to be evaluated by
considering eigenvalues of the unreduced controller (see section 6.5.2). According to
chapter 4.3 also the performance of the reduced and therefore suboptimal controllers
has to be evaluated (see section 6.5.3).
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6.5 Simulation and results

The degree of freedom in design of an LQ optimal linear state feedback is the choice
of state weight matrix Q and input weight matrix R.:

o Since the control task of tracking a required vehicle velocity has the highest
priority, it is advantageous to increase weight on the difference between required
and actual vehicle speed by increasing third diagonal element in state weight
matrix Q. Since in stationary gears G; and Gs there exist stationary relations
between the angular velocities in the drivetrain and the desired vehicle speed,
this weighting will mainly take effect in interim gear G;.

o Manipulation of the diagonal elements of the input weight matrix R enables
power partition between combustion engine and electric motor with respect to
disturbance coverage.

Figure 6.7 shows the general structure of the feedback control.

l CS
Aq U q

—0O—| 2. - 3 >

Figure 6.7: Structure of feedback control loop: ¥, controller, ¥ plant

6.4.6 Combined structure

Figure 6.8 shows the suggested combined control structure.
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Figure 6.8: Structure of flatness-based feedforward control (see figure 6.5) including a feedback loop
(see figure 6.7) and the consistent generation of reference trajectories (see figure 6.6)

6.5 Simulation and results

In order to validate functionality of the used control strategy (see chapter 6.4) it
has been implemented in MATLAB®/Simulink®. The modeling approach, discussed in

69



6 Exemplary application of system reduction in control

chapter 6.4.2 has been used for the design of the control system. Simulation employs
plant model applied in [17]. This model provides current clutch states as assumed in
section 6.3.2 and further models influence of air drag, and rolling resistance, which are
considered to be external disturbances.

6.5.1 Parametrization

Tables 6.5 and 6.6 list the physical parameters used for modeling (see chapter 6.2) and
table 6.7 lists the parameters used for the control system design (see chapter 6.4).

Drivetrain

symbol value unit symbol  value
Je 64.0-107%  kg-m? ip 4.616
Jrs  10.0-107% kg -m? igt 0.260
Ju 32.5-107% kg -m? in? 0.480
Je 333.3-107% kg -m? ivs —0.676
Jv 135.7 kg - m? B —0.317
d 20 Nm - s i 1.633
dy 10~ Nm - s i 0.745
k 4103 N-m is  —0.491

" 0.317 m Table 6.6: Gear ratios

Table 6.5: System parameters

Control system

symbol value unit explanation

AT 0.5 s planned gears shift duration
ATy, 0.5 s  clutch torque ramp duration

ATemax 200 Nm  maximum clutch torque

T 0.05 S low-pass filter time constant

Ry 10 LQR input weighting combustion engine
Ry 10 LQR input weighting electric motor

Qs 1 LQR state weighting x3

Q4 1 LQR state weighting x4

Qs 10° LQR state weighting x5

Qs 1 LQR state weighting xg

Table 6.7: Control parameters
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6.5 Simulation and results

Qs 0 0 0
1o Q@ o0 o0 _[Re 0
Q=19 o0 ,R—[O RM] (6.72)
0 0 0 Qg

6.5.2 Stability check

According to chapter 3.3 stability of the controlled subsystems has to be evaluated.
The evaluation is done for the gear shift: G, — Gjaoec — Ge. Since the real parts
of the eigenvalues are true negative (see table 6.8) all three controlled subsystems are
asymptotically stable.

gear eigenvalues

G; —3.5+75-1887 —8.17 —5.37
Gy —278+75-1830 —5.77

Go —3.76 +5-18.26 —-T7.11

Table 6.8: Eigenvalues: i, Xa1, X2

6.5.3 Qualitative evaluation of optimality

Chapter 4.3.2 shows how to reduce a linear state feedback in order to control subsys-
tems with respect to additional linear constraints. The advantage of this approach
is that there is no need for redesigning the controller. Although certain conditions
can guarantee stability of the reduced controller (see chapter 3.3), its optimality in
general gets lost (see chapter 4.3). A possible approach to quantify the effects of the
loss of optimality in a specific application is to compare them to the effects of param-
eter uncertainties. This comparison is done in the frequency domain considering the
controlled system’s overall transfer function. Therefore vehicle mass is varied up to
plus 10%, modeling for example additional vehicle load, and damping constant +20%,
since its exact determination is quite hard in practice. Figure 6.9 shows on the one
hand uncertain but optimal controlled system’s overall transfer function T, 4 and on
the other hand suboptimal controlled (reduced controller) Tyupopt i gears Gy = G,
and Go = G,.
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Figure 6.9: Evaluation of the performance of the suboptimal controllers

Although this approach is only a graphical analysis, it shows that the loss of optimality
of the reduced controllers in this application is negligible.

72



6.5 Simulation and results

6.5.4 Simulation

This section finally provides results of four specific gear shift simulations (Simulation
1-4). Table 6.9 is an additional legend for simulation results (see figures 6.10 to 6.13)
with respect to the line styles. For explanation of the used variables see figure 6.8 and

chapter 6.4.

linestyle states actuation control error clutch state vehicle dynamic

—_— X V/ [11 llcl] Ax Co,Cl,CQ,Cg v, a,j
- = Xy = Ug - - Uy
...... % 7 ~ ~ ~ ~

Table 6.9: Additional line style legend
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6 Exemplary application of system reduction in control

Simulation 1

The first experiment performs a gear shift while tracking a constant vehicle speed. The
necessary propulsion torque is stationary provided by the combustion engine, while the
electric motor just supports the required gear shift. Further in this first simulation
the LQR feedback control is disabled in order to see performance of the flatness-based
linear feedforward propulsion torque control. Table 6.10 summarizes the simulation
setup and figure 6.10 shows the results of simulation 1.

symbol value unit explanation

Uy start 10 m/s starting vehicle velocity (reference)
Uy final 10 m/s final vehicle velocity (reference)
AT, e — S acceleration time
Ts init 2 S gear shift initiation time

Gy G, current gear (see table 6.2)

Go G. required gear (see table 6.2)

ft 1 enable feedforward control

fb 0 enable feedback control

kg 1 torque split combustion engine

Table 6.10: Parameters simulation 1

Discussion Due to the fact that the drivetrain is affected by air drag and rolling
resistance, which are not part of the mathematical model, the control errors increase
with increasing simulation time, i. e. angular velocities in the drivetrain as well as the
vehicle speed diverge from their required values. According to the clutch state required
gear shift took place from simulation time 2.5 to 3s (at the beginning and the end of
the simulation each one additional simulation second is inserted). This time approxi-
mately equals the planned transition time (see ATgS in table 6.7). Considering the
vehicle jerk one can notice that vehicle dynamic is hardly influenced by the performed
gear shift. Due to subsequent calculation of the vehicle jerk by differentiation of the
vehicle acceleration there is a peak in vehicle jerk at the beginning of the simulation.
Internal damping in the drivetrain is small (see damping constant d; in table 6.5)
and therefore there is only a need of slight stationary propulsion torques for keeping
speeds. Actually step like changes in the actuation torques are not feasible in reality,
since they involve unbounded energy. Therefore chapter 7.2 presents an approach to
include rate saturations for actuators into the flatness-based feedforward concept.
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6 Exemplary application of system reduction in control

Simulation 2

The second simulation experiment repeats simulation 1 with enabled feedback loop, in
order to show the performance of combined feedforward and feedback control. There-
fore the remaining simulation setup (see table 6.11) equals the setup used in simulation
1 (see table 6.10). Figure 6.11 shows the results of simulation 2.

symbol value unit explanation

Uy start 10 m/s starting vehicle velocity (reference)
Uy final 10 m/s final vehicle velocity (reference)
AT, — S acceleration time
T init 2 S gear shift initiation time

Gy G, current gear (see table 6.2)

Go G, required gear (see table 6.2)

ft 1 enable feedforward control

fb 1 enable feedback control

kg 1 torque split combustion engine

Table 6.11: Parameters simulation 2

Discussion In contrast to simulation 1 in this simulation control errors do not in-
crease with increasing simulation time, but are constant. Increasing of the control
errors is prevented by the feedback controller. Consequently there is hardly no vari-
ance between actual and required vehicle speed. Due to the use of a linear state
feedback and the presence of constant disturbances there exist steady control errors.
Their further decreasing could be realized by introducing an additional integral part
to the feedback control law. The influence of the performed gear shift on the vehicle
dynamic is again negligible.
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6 Exemplary application of system reduction in control

Simulation 3

While simulations 1 and 2 deal with tracking a constant vehicle speed, simulation 3
deals with tracking a vehicle acceleration from vehicle speed 10m/s to 20m/s within
four seconds (ramp from simulation time 1s to 5s), while performing the required gear
shift. The other simulation settings, with respect to gear shift and torque split (see
table 6.12) are unmodified. Figure 6.12 shows the results of simulation 3.

symbol value unit explanation

Uy start 10 m/s starting vehicle velocity (reference)
Uy final 20  m/s final vehicle velocity (reference)
AT, e 4 S acceleration time
Tos init 2 S gear shift initiation time

Gy Gq current gear (see table 6.2)

Go G, required gear (see table 6.2)

ft 1 enable feedforward control

fb 1 enable feedback control

kg 1 torque split combustion engine

Table 6.12: Parameters simulation 3

Discussion The required gear shift is indeed performed, but the actual gear shift
duration AT, (approximately 0.3 s) is shorter than the planned gear shift duration
ATgS. This fact implies that the transition to gear Gy can not be that smooth as it
was the case in simulations 1 and 2. Ripple in vehicle jerk confirms this assumption,
although its magnitude is still acceptable. Salient points of the required vehicle velocity
profile, at the beginning and the end of the ramp, result in peaks in vehicle jerk.
These peaks can be reduced by applying a smooth velocity profile. Considering the
used actuations, the requirement of stationary propulsion by combustion engine is
satisfied. Actually feedback controller employs both the combustion engine and the
electric motor to compensate the acting disturbances (air drag, rolling resistance),
therefore propulsion torque of the electric motor stationary is not equal to zero. Due
to the higher transmission ratio in gear G, combustion engine stationary has to apply a
higher propulsion torque than in gear G;. For explanation of the acting clutch torques
Tc,1 and 7¢ 3 in this simulation see figure 6.2. Note that signs of the torques consider
signs of the according differential angular velocities.
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6 Exemplary application of system reduction in control

Simulation 4

The forth simulation experiment repeats simulation 3 with a varied stationary torque
split. According to simulation setup (see table 6.13) 70% of the required propulsion
torque and consequently power (see chapter 6.4.3) are stationary provided by the
combustion engine. The remaining 30% are provided by the electric motor.

symbol value unit explanation

Ur start 10 m/s starting vehicle velocity (reference)
Ur final 20 m/s final vehicle velocity (reference)
AT, e 4 s acceleration time
T s init 2 S gear shift initiation time

Gy G, current gear (see table 6.2)

Go G, required gear (see table 6.2)

ff 1 enable feedforward control

b 1 enable feedback control

kg 0.7 torque split combustion engine

Table 6.13: Parameters simulation 4

Discussion The requirement on propulsion torque split results in specific torques
7 and 7y, due to transmission ratios. Apart from this the simulation results are
similar to simulation 3. Comparing vehicle dynamic and coordinates z illustrates the
approximation z(t) ~ v(t) (see remark 24).
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Conclusion and perspectives

Since chapters 2 to 5 provide the mechanical and mathematical knowledge
used for the design of the control system in chapter 6, the focus of this
chapter is on conclusions of and perspectives to the applied control strategy.

7.1 Conclusion

Chapter 6 provides a control strategy for the specific drivetrain topology that uses
both the advantages of the modeling approach presented in general in chapter 2 and
more specific in chapter 5 and the mechanical peculiarities of the considered drivetrain.
The results of specific gear shift experiments presented in the last section show quite
good performance with respect to the control task stated in section 6.3.

Nevertheless the control system so far includes several points for improvement:

« Actuators are considered to be unconstrained in magnitude and rate. Although
such constraints can be included into the feedforward strategy (see chapter 7.2),
a deterioration of the gear shift performance with respect to vehicle jerk has to
be expected.

o Asalready mentioned in the discussions of the single simulation results in section
6.5.4 planned gear shift duration AT, has to estimate actual gear shift duration
ATgs. Discrepancies between these two values can have considerable impact on
the gear shift performance. Actual gear shift duration is further heavily influ-
enced by the open loop design parameters clutch ramp time AT, and maximal
clutch torque T¢max. Choice of the parameters ATgs, AT, and 7T, max depending
on the current angular velocities, torques and required gear shift could further

improve shift quality in the general case (see section 7.2).

7.2 Perspectives

At the end of this chapter and this work this section provides an outlook for further
improvement of the control system as suggested in section 7.1 as well as possible
additions and generalizations of the used concept.
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Determination of Lagrangian multipliers

As already mentioned in section 7.1, choice of the parameters ATy, ATy and 7 max
is challenging in order to achieve a good gear shift performance. Transmitted torque
on a locked clutch is defined by the corresponding Lagrangian multiplier (see remark
20) and can be calculated in dependency of the current driving situation in advance.
This calculation offers an estimation of the minimal necessary clutch torque 7¢, and
consequently minimal necessary pressure on clutch plates, to keep it locked. Starting
ramp down from a torque T¢ max more closely to the locking torque, clutch ramp
time ATy would be more directly related to the actual gear shift duration AT.
Consequently its estimation (AT,s) could be done in a more consistent way.

Constrained actuators

In practice every actuator is constrained. Constraints can be characterized by max-
imum and minimum limits as well as maximum increasing and decreasing rates.
Flatness-based linear feedforward control enables a smart possibility to include ac-
tuator constraints into the design as suggested in [19]. The idea is to enforce the
components Zg" D for i = 1,...,m to satisfy the constraints and afterwards calcu-
late corresponding coordinates z by applying integration. The approach is similar
to anti-windup measures like back calculation proposed by Hanus in [20]. To ensure

intelligibility this idea is considered in detail in SISO case.
In the first step the suggested filter structure has to be adapted (see figure 7.1).

G kn—l kn—Z @l
} }

O——O—--0
Figure 7.1: Adapted low-pass filter n-th order

Figure 7.2 shows the structure of the feedforward control considering actuator satura-
tion in SISO case. Usage of Z and unsaturated component 2™ enables calculation of
the necessary actuation u'. Applying the system model, saturated actuation ug,; and
state vector Z define the component 2™ . This component is channeled into the filter
in an feedback loop.
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Figure 7.2: Feedforward control structure including actuator saturation: 3 filter (see figure 7.1),
Y plant model, 31 inverse plant model

This approach can be used to avoid non feasible step like changes in the actuation
signals, in order to generate more realistic gear shifts.

Generalization of the control strategy

The used modeling with respect to the additional mechanical constraints, and the
special structure of the drivetrain topology with respect to mechanics, enabled a smart
approach in control. Consequently it is an interesting question, if this control strategy
can be generalized to general (non-conventional) gear shifts or more general on other
drivetrain topologies respectively also on similar switching linear multibody systems.

Clutch actuation

Although clutch torque actuation is part of the discussed control strategy, clutch
torques are not yet considered in a model-based way with respect to control. Intelligent
actuation of the slipping clutches’ torques could probably significantly improve the gear
shift performance. Since clutch torques are dissipative actuators, i. e. they can not
impress energy into the system, and further disappear in case of locked clutches, such
an extension of the control strategy will be quite challenging, but definitely desirable.

State observation

Since there exists a strong duality between controlling and observing a system, the
design of a state observer, based on modeling and considerations with respect to con-
trol discussed in this work, immediately suggests itself. Chapter 4.2 already offers
preparatory work to that from the mathematical point of view.
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