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Abstract— The minimum-energy output-transition problem for
dual-stage systems is solved in this article. The objective is to find
optimal feedforward inputs that change the system output from an
initial value y at time ¢; to a final value 7 at time ¢ ; during a specified
output-transition time-interval [t;,t f]- The main contribution of this
article is the solution of the optimal output-transition problem for
systems with actuator redundancy (dual-stage systems). Additionally,
we show that the use of pre- and post-actuation inputs, outside the
output-transition time-interval, can lead to substantial reduction of
the output-transition cost. In particular, the method is applied to
a dual-stage disk drive model and simulation results are presented.
The results show that the output-transition cost (input-energy) can
be reduced by 97% with the use of pre- and post-actuation inputs
when compared to standard methods that do not use such pre- and
post-actuation.

I. INTRODUCTION

The minimum-energy output-transition problem for dual-stage
systems is solved in this article. The objective is to find optimal
feedforward inputs that change the system output from an initial
value y at time ¢; to a final value ¥ at time t;. In such output-
transition problems, the output should be maintained at a constant
value outside the output-transition time-interval — maintaining the
output constant outside of the transition time-interval is critical
to reduce the time lost to useful operations. For example, in the
disk-drive application ([1], [2]), the goal is to move the position
of a read-write head from one data track (initial value) to the
next desired track (final value); read and write operations cannot
be performed (before and after the output-transition) if the output
position is not precisely maintained at the desired track. Similar
output-transition problems also arise in other flexible structure
applications such as: (a) positioning the endpoint of large-scale
manipulators ([3], [4], [5]) and (b) nano-scale positioning and ma-
nipulation using relatively small piezoactuators ([6], [7]). The main
contribution of this article is the solution of the optimal output-
transition problem for systems with actuator redundancy (dual-
stage systems). Additionally, we show that the use of pre- and
post-actuation inputs (outside the output-transition time-interval)
can lead to substantial reduction of the output-transition cost. In
particular, the method is applied to a dual-stage disk drive model
described in [8] and simulation results are presented. The results
show that the output-transition cost (input-energy) can be reduced
by 97% with the use of pre- and post-actuation inputs when
compared to standard methods that do not use such pre- and post-
actuation.

As opposed to the problem of changing the output-point on a
flexible structure, the problem of changing the complete configu-
ration (i.e., the state) of a flexible structure has been well studied
in literature, e.g., [1]-[5], [9], [10], [11]. These techniques, which
solve the state-to-state transition problem (referred to as the state-
transition problem), can also be used to find a solution to the
output-transition problem. In particular, output-transitions without
residual vibrations can be obtained by requiring that the flexible
system maneuver between equilibrium configurations (rigid-body
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rest configurations). (These rest states, x and T, are chosen to
result in the initial and final output values, y and 7, respectively.)
Once the boundary states, at the beginning and end of the output-
transition, are chosen to be the rest states (i.e., z(t;) = z, and
z(ty) = T), a solution to the output-transition problem can be
found by solving the standard, minimum-energy, state-transition
problem from the initial state (z(¢;)) to the final state (z(ty));
this is referred to as the rest-to-rest state-transition approach ([5],
[9], [11]). However, the solution found with this choice of the
rest-to-rest boundary states {z(t;) = z, z(ty) = T} may not lead
to optimal (minimum input-energy) output-transition. On the other
hand, arbitrary choices of the boundary states {z(t;), z(ts)} are
also not acceptable; they may not allow the output to be maintained
at a constant value after the completion of the output-transition
(i.e., without residual vibrations) for any choice of bounded inputs.
Therefore, the standard optimal state-to-state transition approach
cannot be used to directly solve the optimal output-transition
problem.

The output-transition problem was previously considered in
[12], in which an inversion-based technique was used to plan an
output-transition along a prescribed output trajectory. However, the
approach in [12] requires the user to specify (a priory) the set of
acceptable output trajectories during the output-transition (using
polynomials); it is unclear how the set of output trajectories is
chosen such that it includes the optimal output trajectory. Similar
pre-specification of a desired output trajectory is also needed
in [13], which uses optimal filtering to achieve smooth transitions
between output-trajectory segments in industrial positioning sys-
tems. In contrast, our previous work [14], [15] directly solved
the optimal output-transition problem. It does not require the
pre-specification of the output trajectory; rather, the best output
trajectory is obtained as the result of the optimization procedure.

Previous solutions to the optimal output-transition problem were
restricted to square systems (same number of outputs as inputs).
In contrast, the current article solves the optimal output-transition
problem for linear systems with actuator redundancy. The method
is applied to a dual-stage disk drive model [8]. While the addition
of the second actuator leads to the 17% reduction of the output-
transition cost, we show that the significant factor in the cost
reduction is the use of the pre- and post-actuation inputs. In
general, the proposed optimal output-transition approach uses both
pre- and post-actuation inputs to reduce the output-transition cost.
(It is noted that the standard state-to-state transition approach
uses neither pre- nor post-actuation.) Pre-actuation input has to
be applied to the system before the output-transition is initiated;
therefore, it requires preview information of an impending output-
transition (the amount of required preview time is quantified
in [16]). However, pre-actuation will not be applicable if such
preview information of the desired output-transition is not avail-
able. For such cases, a modified output-transition approach is
proposed that only uses post-actuation (without pre-actuation). The
implications of using (or not using) pre-actuation are investigated
for the disk-drive seek control problem. The simulation results
show significant reduction of the output-transition cost with the use
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of the proposed optimal output-transition method (with or without
pre-actuation) when compared to the use of the standard approach
that is based on state-to-state transition (which uses neither pre-
actuation nor post-actuation). For the dual-stage example studied
in this article, we show that for the same amount of input-energy,
the use of pre- and post-actuation reduces the required transition
time by 67%. While this article considers the minimization of
input-energy, the concept of using pre- and post-actuation is
general and can be used to optimize other criteria such as output-
transition time and input magnitudes; for example the combined
minimization of transition time and energy was studied in [17].

This paper is organized in the following format. The dual-stage
optimal output-transition problem is formulated in Section II. The
optimal output-transition (OOT) solution is derived in Section III,
and the OOT solution without using the pre-actuation is presented
in Section IV. Application to the dual-stage disk drive is in Section
V. Our conclusion is in Section VI.

II. PROBLEM FORMULATION

We consider a linear, time-invariant, dynamical system in the
state-space form, described by

{ :L‘(t) = Al’(t) + Bius (t) + BQUz(t)
y(t) =

Cx(t)

where the system state is x(t) € R". Furthermore, it is assumed
that the system is dual-input {uq(¢),u2(t)} and single-output
y(t) (DISO) and controllable. Next, we consider the problem of
changing the output position from one value to another within
a finite time-interval, called the output-transition time-interval. It
is noted that the output should be maintained constant (at the
desired value) outside the output-transition time-interval. Formally,
the output-transition problem [14], [15] is defined as follows.

Definition 1: The output-transition problem is to find
bounded input-state trajectories {u1(-), u2(-), zres(-)} that satisfy
the system equations in (Eq. 1) and the following two conditions:

1. The output-transition condition: The output is transferred
from an initial value y to a final value g within the output-transition
time-interval [t;, %], and is maintained constant at the desired
value before and after the output-transition, i.e.,

- Cz
= Cx

WVite (—oo,00) (1)

Vt<t,
Vi>ty

Yref (t) =

2
Yres(t) = @

<=

where yrer(t) := Czrer(t); t; and t; denote the times when the
output transition starts and completes, respectively. Furthermore,
the states z and x denote the initial and final equilibrium states
(i.e., Ax = AT = 0), which are chosen to result in the desired
initial and final output values (y and 7).

2. The delimiting-state condition: The state approaches the
equilibrium configuration as time goes to (plus or minus) infinity,
ie.,

ZTref(t) — z as t — —o0; and xref(t) > Tast — oco. (3)

For controllable systems, there exists at least one solution such
that the desired output transition is achieved, e.g. by setting the
state z(t) = z during the pre-transition time (¢t < ¢;) and the
state x(t) = T during the post-transition time (¢ > ¢#) the output-
transition problem becomes a state-transition problem which can
be solved by existing techniques (see, for example, [18]). In this
article, we want to choose the input that minimizes the input-
energy performance. The optimal output-transition (OOT) problem
is stated as follows.

Definition 2: The optimal (minimum energy) output-
transition problem (OOT) is to find bounded input-state tra-
jectories {u1(+),u2(:),zres(-)} that solve the output-transition
problem (see Definition 1), and minimize the following input-
energy cost function,

b tf )
= | Umdt+ | U@ dt+ [ U®)dt
[ vt [ o as [ oo

i

= Jpre + Jtran + Jpost (5)

where the positive constants R; and R> represent the weighting
factors between the two inputs.

III. THE OPTIMAL OUTPUT-TRANSITION (OOT) SOLUTION
A. Inverse input law

First, we derive an input law that allows the output to be
maintained at the desired value. This input is unique and is
obtained by using the dynamic inversion technique (see [19])
described as follows.

Assumption 1 (Relative degree): Throughout the rest of the ar-
ticle, we assume that the system (Eq. 1) has a relative degree r,
see [19].

From the definition of relative degree, the r**-derivative output
equation can be written explicitly in terms of the input as

Y\ (t) = CA"(t) + CA" ' Biua (t) + CA" ' Baua(t)  (6)

where the term C A" 'B; # 0 and/or the term C A" ' By # 0.
Without loss of generality, we assume that the term CA" ' B; #
0, i.e., the inverse input is described in terms of the first input
u1 (). Then the first input wq(¢) given by the following inverse
input law,

(751 (t) = Ul,inv (t)

1 A"'B
= g (970 CAs0)] ~ gt
maintains exact output tracking where y4(t) is the desired output
trajectory. We observe that if the term CA" 'B, # 0, the
inverse input w1 in, Will depend on the choice of the second
input u2. Assumption 1 also implies that there exists a coordinate
transformation matrix, T¢,, whose first r rows are chosen as C,

®), (M

CA, CA?, ..., CA™!, and the remaining n — r rows are chosen
such that the matrix T%, is invertible, i.e.,
C
CA
Ten = . (8)
cA™!
T’W
It is noted that the set {C, CA,..., CA™'} is linearly

independent (see [19]), therefore we can always find 77, (in Eq. 8)
such that T¢, is invertible. The transformation 7%, partitions the
state x(t) into two components: (z) the first 7 terms are the output
and its derivatives up to order r — 1 (denoted by &), and (4¢) the
remaining components are called the internal state of the system
(denoted by n), i.e.

Tey - a(t) = { i } , ©)
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T
where £(t) := [y(t),y(t)7 —oyTTY(@)| . Conversely, let the
inverse of the transformation 7%, be defined by
- t) £(t)
xt:Tlg(}::<I> <1>{ : 10
() &n |:77(t) [ §| 77] 77(t) (10)

B. Post-actuation (t > ty)

During post-transition interval, the output needs to be main-
tained at a constant value (i.e., y(t) =7, V t > ty), see (Eq. 2).
In order to achieve this output-tracking requirement, the first input
w1 (t), during the post-transition interval, must be chosen as the
inverse input given by (Eq. 7). However, the second input us(t)
can be chosen arbitrarily, therefore, it can be optimally chosen to
minimize the cost. We derive the optimal output-transition solution
during the post-transition interval by the following steps.

First, to simplify the derivation, the system state is shifted as
Z(t) := x(t) — T where the state T is the final equilibrium state;
consequently, the transformed components (£,7) in the shifted
coordinates become

[{3] - oo ro = [ ]

£(t) } [ 3 }
= - 2. (11)
{ n(t) 7
Since the output along the post-transition interval is constant, i.e.
y(t) =7, Vt € [ty, oo), the component {(t) =&, Vt € [ty,00).
In other word, the shifted component £(¢) = 0 during the post-

transition interval. Furthermore, the state in the shifted coordinates
becomes (from Eq. 10)

s =l o] £ | o0, a2

Second, we rewrite the inverse input (Eq. 7) in terms of the
shifted state Z(t) as

Y (t) — CA™z(t)  CA™'B, .
CAT_IBl N CAT_IB1 ’LLQ( )
y(t) — CA” {&(t) + T} CA™'B,

- CA—1p, ~ca—ip, ®

ﬁ/l,inv (t) ==

Note that (i) the r*"-derivative of the output yy) (t) = 0 since the
output is constant during the post-transition interval, (i:) the term
CA™T = 0 since the state T is an equilibrium state, and (¢4) the
shifted state &(t) = ®,7(t) as derived in (Eq. 12). So the above
inverse input becomes

CA™®, CA™™ ' B,

Third, we rewrite the system equation (Eq. 1) in terms of the
shifted state £ = z(t) — T as

{2(t) + 7} + Biua(t) + Baua(t)

&(t) = i(t) &
i’(t) + Bius (t) + Baus (t)

A
A

where the term AZ = 0 since the state T is an equilibrium state.
Then, apply the coordinate transformation T¢, (Eq. 9) and apply
the inverse input law given by (Eq. 13) as the first input, to the
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above system equation, we have

[é(t) 0
0(t) (t
- [ 84
CA"®, .
carip, 1)

= TgnATgnl |: % :| + T{nBl’qu (t) + TgnBQUQ(t)

>

} + TenBaua(t)

CA™'B,

‘mm(”)

TenBICA'T,) £(t)
CA™ 1B, At)

BiCA™ 'B,

CA™ 1B, ) 2(t)

L ) [ o

It is observed that the above system equation has a lower-triangular
structure as a result of the coordinated transformation 7%, and the
inverse input law. Since the component é (t) = 0 during the post-
transition interval, the system equation (Eq. 14) is then reduced
to the internal dynamics given by

0(t) = Agii(t) + Bayua(t). (15)

Fourth, rewrite the post-transition cost from (Eq. 5) in terms of
the shifted coordinate, by substituting the first input w1 (¢) from
(Eq. 13), i.e.

oot = /tf Ut) dt = / [Ra {ua (0} + Ro{us ()] dt

+ Ten B (—
= (TMAT&]1 -

+ Tﬁn (B2 -

ty

B .1 [ (ANTCTR,CA" A
- /tf {” q)"{ a1y [

BT Ar—l TCTR CAT—IB
+U2{R2+ 2 ) - 2}11,2

(CA™—1B;)?

BT (A YTCTR,CA" .
2 [
+ 2uz { (CAT1B;)? nf| dt

= / [ﬁTQﬁ + usNug + zugsﬂ dt. (16)
tf

Now the optimal output-transition problem during the post-
transition interval becomes a standard linear-quadratic (LQ) opti-
mal control problem in terms of the internal state. In particular, the
problem is reduced to find the input u2(¢) that minimizes the post-
transition cost given by (Eq. 16) subject to the internal dynamics
(Eq. 15). The following assumption is to ensure the existence of
a bounded solution to the LQ optimal control problem.

Assumption 2 (Necessary conditions for LQ optimal control):
Throughout the rest of the article, we assume that the internal
dynamics (Eq. 15) is controllable under the input w2 (t), i.e.,
the pair (A,, Bay), as described in (Eq. 15), is controllable.
Furthermore, we assume that the the pair (A,, 1/Q) is observable.

Remark 1 (On the necessary condition assumption): The
above controllability and observability of the internal dynamics
are assumed in order to simplify the derivation of the solution. In
general, the pair (A,, Ba2,) may not be controllable or the pair
(A,,+/Q) may not be observable. In such systems, additional
procedures are required to take the account of the uncontrollable
and the unobservable subspace of the internal state. This treatment
of the subspaces of the internal state is similar to procedures
found in Refs. [14], [15].

Lemma 1 (Post-actuation): Given an internal state 7(¢f)
at the final transition time ¢y, the post-actuation inputs




{u1,post (), u2,post (t)} that satisfy the output-transition condi-
tions (Egs. 2 and 3) and minimize the post-transition cost (Eq. 16)
are given by

CAT@H _ CAr71B2
“CATTB, {77(25)_77} - muz,pgst(t)(ﬂ)

Uz,post () =—N"" (B3 Wyost + 87) {n(t) - 7}
where the symmetric matrix Wy, is the solution to the algebraic
Riccati equation (ARE) given by

AT post + WpostA + Q
- (WpostBQU + S ) _1(B;7Wpost + S) =0.

U1,post (t) =

(18)

19)

Furthermore, the cost associated with these post-actuation inputs
is uniquely specified in terms of the choice of the internal state
n(ty) at the completion of the output-transition and is given by

T
Trost{n(t)} = {n(t) =1} Waowt {n(ts) =7}
Proof: By applying the first input w1 (¢) to the system as

the inverse input (Eq. 13), for any choice of the second input

us(t) that is bounded, the output is maintained constant at the
final value ¥ during the post-transition interval, thus the output-
transition condition (Eq. 2) is satisfied. It is also observed that the

system equation which is reduced to the internal dynamics (Eq. 15)

and the post-transition cost (Eq. 16) becomes solely dependent on

the choice of the second input wz ().

The derivation of the optimal second input w2 pos:(t) in (Eq. 18)
that minimizes the post-transition cost Jpos¢ (Eq. 16) subject to
the internal dynamics (Eq. 15) and the derivation of the associated
cost (Eq. 20) can be found in many standard optimal control
textbooks, e.g. in Ref. [18], and is omitted in this proof for brevity.
We also note that in the expressions for the post-actuation inputs
(Egs. 17 and 18), the shifted internal state 7)(¢) is replaced by the
component in the original coordinate using (Eq. 11), i.e. replace
7(t) by n(t) — 7.

Assumption 2 implies that the optimal LQ input will result in
the strictly-stable closed-loop system. In other words, by applying
the optimal second input wus post(t) into the internal dynamics
(Eq. 15), the shifted internal state 7j(¢) will asymptotically ap-
proach zero, i.e. limi—oo7(t) = 0 or lim¢—oon(t) = 7. In
addition, the first input (Eq. 17) enforces the output to be at the
final value 7, so the component £(t) = £ during the post-transition
interval. Thus, the state approaches the final equilibrium state as
time goes to infinity since the component {£(t),n(t)} asymptot-
ically approach the equilibrium configuration {€,7}. Therefore,
the post-actuation inputs (Eqgs. 17 and 18) satisty the delimiting
state condition (Eq. 3). [ |

Remark 2 (Post-transition internal state): The internal state
n(t) that appears in the expressions for the post-actuation inputs
(Egs. 17 and 18) is uniquely specified in terms of the choice of
the internal state n(¢s) at the completion of the output-transition,
and can be obtained from off-line simulation of the closed-loop
internal dynamics:

(20)

f]( ) - Aﬁn( ) + BQ’VIUZ,post(t)

= ( ) A’In + BQnu2,past (t)

{ - B2"7 (B;7Wpost + ST> }n(t) +
{32'1 (B27]Wpoat +5 ) }ﬁ

= nl,post 77( )+ Bn,post ﬁ (2])

with the initial condition 7(¢y) at the time ¢y, for all time ¢ > ty.

C. Pre-actuation (t < t;)

The pre-actuation input is obtained by using procedures similar
to that used in the previous subsection for finding the post-
actuation input. We begin by shifting the system state as %(t) :=
x(t) — x where the state z is the initial equilibrium state;
consequently, the transformed components (£,7) in this shifted
coordinate become

{ 58 } = Ten(t) = Ten {a(t) — 2} = { 38 } ~ Tenz

Ui
(8115
n(t) n
Since the output along the pre-transition interval (¢t < ¢;) is
constant, i.e. y(t) = y, the component £(t) = £, Vt € (oo, t].
In other words, the shifted component & (t) = 0 during the pre-

transition interval. Similarly, the inverse input (Eq. 7) during the
pre-transition interval becomes

CA™®,
“oarip 10

(22)

CAT7132
car1g, "

ﬂl,inv (t) = (23)

By applying the coordinate transformation 7¢, and the above
inverse input law to the system equation (Eq. 1), the system
equation during the pre-transition interval is reduced to the internal
dynamics given by

ﬁ(t) = An

where the matrices A, and Bs, are the same as described in
(Eq. 14) for the post-transition interval.

Next, rewrite the pre-transition cost from (Eq. 5) in terms of
the shifted coordinate, by substituting the first input w1 (t) from
(Eq. 23), i.e.,

7(t) + Banua(t) 24)

T = | U@ dt= [ [Rifun @) + Rofua®))"] de

t; ™T T T
_ N T T (A) C Rch -
- / {” q)"{ car—ipyz o

—0o0

(CA™1B;)?

BT (A" YTCTR,CA"
+ 2u2 { (CA™—T1B;)? 17| di

= / [ﬁTQﬁ + uaNug + 2uz5ﬁ] dt.
ty

BT A'r—l TCTR CAr—lB
+U2{R2+ 2 ( ) : 2}U2

(25)

Assumption 2 is also assumed on the internal dynamics (Eq. 24),
i.e. the pair (A,, Ba,) is controllable and the pair (A,,+/Q) is
observable, in order to ensure the existence of a bounded solution
to the LQ optimal control problem.

Lemma 2 (Pre-actuation): Given an internal state 7(¢;) at
the initial transition time ¢;, then the pre-actuation inputs
{u1,pre(t), uz,pre(t)} that satisfy the output-transition conditions
(Egs. 2 and 3) and minimize the pre-transition cost (Eq. 25) are
given by

CA™® CA™'B,
whare = ~ gy {10 = 1f ~ Gy veere(t) 9
uspre = =N~ (BQT,WW + ST> {n(t) - g} @7
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where the symmetric matrix W, is the solution to the algebraic
Riccati equation (ARE) given by

— Ay Wpre = Wpre Ay +Q
— (~WpreBay + ST)YN ™ (=B3,Wyre + 8) = 0. (28)

Furthermore, the cost associated with these pre-actuation inputs is
uniquely specified in terms of the choice of the internal state 7(¢;)
at the initiation of the output-transition and is given by

T
Jore{n()} = {n(t) =n} Ware{n(t) —n}. @9
Proof: Note that the optimal input ug pre(t) that minimizes
the pre-transition cost Jpr. in (Eq. 25) subject to the internal
dynamics in (Eq. 24) can be derived by reversing the time
direction. Specifically, it is equivalent to find the input w2 (t) that
minimizes the reversed pre-transition cost

Jpre = / |:77]TQ’I7 + uoNus + QUQS’I?:| dt
t

i

subject to the reversed internal dynamics
ﬁ(t) = —Ayi(t) — Banua(t).

The rest of the proof follows similar arguments as described in
the post-actuation case (Lemma 1), thus is omitted for brevity. W

Remark 3 (Pre-transition internal state): The internal state
n(t) that appears in the expressions for the pre-actuation inputs
(Egs. 26 and 27) is uniquely specified in terms of the choice of
the internal state 7(¢;) at the initiation of the output-transition,
and can be obtained from off-line simulation of the closed-loop
reversed internal dynamics:

nt) = f](t) = — Ayi(t) — Banuzpre(t)
= —Am@)+ Anﬂ — Bayuz pre(t)
= _{An - B27;]V_1 (Bganre + ST) }77(75) -
{13;2,7J\r—1 (BQTWWW + ST) - An}ﬂ
= 7A$]l,p7'e T](t) - B’zl,pre ﬂ

backward in time with the initial condition n(¢;) at the time ¢;,
for all time ¢ < ¢;.

(30)

D. Transition interval (t; <t < ty)

Since the output is required to be maintained constant at the
initial value y before the initiation of output-transition, it implies
that the state component & (t) must be maintained constant at the
initial equilibrium configuration £. So the only component of the
state x(¢;) at the initiation of the output-transition that can be
varied while satisfying the output-transition conditions (Egs. 2 and
3) is the internal state component 7(¢;). Similarly, the state com-
ponent £(t) must be maintained constant at the final equilibrium
configuration £ after the completion of the output-transition. So the
only component of the state z(¢s) at the completion of the output-
transition that can be varied while satisfying the output-transition
conditions (Egs. 2 and 3) is the internal state component 7(ty).
Therefore, the acceptable boundary states {x(¢;),z(t)} of the
output-transition must be chosen as

wlts) = T4, [ 1nte)™ | and wtep) = 75 [€" 0] a1y

Furthermore, we define the boundary condition ¥ which is the
components of the state, at the initiation and completion of the

output transition, that can be freely varied while satisfying the
conditions for the output-transition problem, i.e.
T

wi= [n(tn)" ()" (32)

Given a pair of acceptable boundary state {z(t;),x(tf)} at

the initial transition time ¢; and at the final transition time %y,

respectively, the minimum-energy input that transfer the system

(Eq. 1) from the initial state :(¢;) to the final state z:(¢y) within

the output-transition time Ti,qn = ty —t; is given by (see Chapter
3 in Ref. [18])

R;le"eAT(tfft)Gfldz
Ry'BYeA G 1,

(33)
(34)

U1, tran (t) =
U2, tran (t) -

where the matrix G is the invertible controllability grammian,
defined by

"t Ry 0][BT] ar
_ A(tff‘r) 1 1 A (tffT)
G /tl e [Bl Bz]|: 0 EQ:|[E31:| (& dT, (35)

and d, denotes the transition-state difference, given by
de = a(ty) — et g (t,).

The state difference d, can be partitioned in terms of the boundary
condition (V) defined in (Eq. 32) which is the components that
can be freely chosen and the fixed component ( f ) which must be
chosen as the equilibrium configuration , i.e.

dy := Hif + HoU (36)

where Hi := [®¢ | -T¢], Hz:= [P, | -T4],
. A _T T
[Te | To o= 770 [@g | @], and f:= €7 7] .

The transition cost when using these optimal inputs (Eqs. 33 and
34) during the transition interval is equal to

Jiran=d7 G = (Hy f+ Ho0) @ (Hy fHHow) . 37)

E. Optimal output-transition solution

The input-energy needed for output-transition with a specified
output-transition boundary condition ¥ (Eq. 32) can be obtained
by substituting the pre-transition cost (Eq. 29), the post-transition
cost (Eq. 20), and the transition cost (Eq. 37) into the total cost
(Eq. 5) as follows.

J = Jpr'e + Jtran + Jpost = \IJTA\I/ - 2\I/Tb +c (38)
where A := { W%”t WO } + HIG 'H,,
pre
b= { WW/;”; — HIG'H.f, and
prel]

¢ =7 WpostT + 0" Wpren + fTHL G Hy f.

Note that the input-energy (Eq. 38) needed for output-transition
is quadratic in terms of the specified output-transition boundary
condition . The optimal value for the output-transition boundary
condition ¥ is found in the next Theorem, which solves the
optimal output-transition (OOT) problem.

Theorem 1 (OOT): Let Assumptions 1 and 2 be true. Then, we
obtain the following results.
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I) The minimum-energy output-transition problem (Definition
2) always has a solution where the optimal boundary condition
U™ that minimizes the cost function (Eq. 38) is given by

* —1
«_ | mp | _J AT

v (3]
where AT is the pseudo (generalized) inverse of A (see [20]).

II) The optimal inputs for the optimal output-transition problem
is given by

, if A is invertible
, otherwise

(39)

r—1 %
= G B N (BT, Wyre + 5T) {We(t) - ﬂ}
CA™® .
CAT— ljgl {nprP - _} lf t < tz
r—1 « _
wi 1= AN T (BE Whou + 57) {njoue(t) 7}
’ CA"® " _ .
— T,lgl{’f]post(t) — ’f]} if t> ty
= RlefeAT(tf7t>071 [m}‘ - eA(tfft")xﬂ
if t <t<ts
40
and (40)
= NN (BE,Wpre +87) {me(t) —n} if t <t
o = —N""(B3,Wpost + S7) {n;()st(t) —ﬁ} if t>ty
2,00t
_ RQ—lBg"eAT(tf—t)Gfl [x} _ 6A(tf7ti)x;§i|
if t; <t<ts
41)

where the optimal boundary states are given by

_ T
! [éT n}T]
The optimal internal state 7,5, (¢) during the post-transition
interval is obtained by solving the closed-loop internal dynamics
(Eq. 21) where the initial condition is chosen to be n} given
by (Eq. 39), see Remark 2. Similarly, the optimal internal state
Npre(t) during the post-transition interval is obtained by solving
the closed-loop internal dynamics (Eq. 30) backward in time where
the initial condition is chosen to be n; given by (Eq. 39), see
Remark 3.

III) The optimal output-transition cost using the optimal inputs
(Egs. 40 and 41) is equal to

Jie= UTAU — 207 ph 4 e (42)

Proof:  The output-transition cost function (Eq. 38) is
quadratic in terms of the boundary condition W¥; therefore, the
optimal value for the boundary condition ¥ follows from the
minimization of quadratic forms, see Theorem 1 in [14] and
Theorem 4.2.1 in [20]. The optimal inputs during the post-
transition interval and during the pre-transition intervals follows
from Lemmas 1 and 2, respectively. The optimal inputs during the
transition interval are given by (Eqs. 33 and 34) where the optimal
boundary states are obtained by substituting the optimal boundary
condition U* in the expressions for the acceptable boundary states
(Eqg. 31). The optimal cost is obtained by substituting the optimal
boundary condition ¥* into the output-transition cost function
(Eq. 38). ]

x; &n [é n; ] , and :c}:Tgn

IV. OPTIMAL OUTPUT-TRANSITION WITHOUT PRE-ACTUATION

In general, the proposed optimal output-transition approach uses
both pre- and post-actuation inputs to reduce the output-transition
cost. Pre-actuation input has to be applied to the system before the
output-transition is initiated; therefore, it requires preview informa-
tion of the impending output-transition. However, the pre-actuation
may not be applicable if such preview information of the desired

output-transition is not available (e.g., when immediate output-
transition is desired). For such cases, we require that the output-
transition begin with the initial transition state at the equilibrium
state, i.e. z(t;) = z. Then, the optimal output-transition approach
can be constrained to only use post-actuation, i.e. by optimally
choosing the component of the internal dynamics at the completion
of the output-transition 7(¢s). Therefore, the output-transition cost
function (Eq. 38) can be rewritten as

J=n(t)"

An(ty) —2n(ts)" b+é (43)

where

A = Wpost + IjIQTG_lljlgg b= WpostT] — fIQTG_II:hf;
- T AT 1 F —T T
&= Woowii + fTHTG I Fi=[€ €7 ") 5
I~{1 = [@5 | —1:‘:| ; HQ = @7'; f‘ = eA(tf—ti,)Tg—nl.

Next, the solution to optimal output-transition (OOT) problem
without pre-actuation is provided in the following Lemma.

Lemma 3: The optimal internal state 7(¢#) that minimizes the

output-transition cost without pre-actuation (Eq. 43) is then given

by .

o AT

i (tf) = { IR

where AT is the pseudo (generalized) inverse of A. The optimal
control inputs, for the output-transition problem without pre-
actuation, are given by

=0 if t<t;
_cA™ B
— CcaAT— 1BTN

, if A is invertible

44
, otherwise @4

(B W+ 57) {701 -7

* CA"®, ~% —
U1, nopre - W{T] (tf - 77} if ¢ > tf
= Ry'BTeA -Gt [ . eA<tf*ti)mi|
it <t <ty
45
and 45)
=0 if t<t
= 7N—1 (ngquost + S ) { (tf) _} if ¢t > tf
Hamorre _ R;lBgeAT(tf_t)G_ [i”} - eA(tf_“)x}
if t<t<t
(46)

where the optimal final transition states are computed from
_ = ke T
T§n1 { [é‘ npost (tf)] }
Proof: This follows from arguments similar to those in the proof

of Theorem 1 because the cost without pre-actuation (Eq. 43) has
the same quadratic form as in Theorem 1 (Eq. 38). |

& =

Remark 4 (OOT without both pre- and post-actuation): In
some cases when both pre- and post-actuation are not allowed
or are not applicable, e.g. in such systems that have no internal
dynamics, the optimal output-transition (OOT) solution (Egs. 40
and 41) is equivalent to the standard state-transition (SST)
solution where the inputs are only applied during the transition
interval. In the SST approach, the state before and after the
output-transition is maintained at the equilibrium configuration,
ie. z(t) = z for t < t; and x(¢t) = T for t > t; in order to
satisfy the output-transition conditions (Egs. 2 and 3). The optimal
inputs during the transition interval can be found by finding the
minimum-energy input to achieve the state transition from the
initial equilibrium state [z(¢;) = z] to the final equilibrium state
[z(tf) = T]. These optimal inputs has the same form as the
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transition inputs given in (Eqs. 33 and 34) where the transition
state difference d, is chosen as

dy = x(ty) — eA(tf_ti)x(ti) =7 — eA(tf_ti)g

It is noted that the optimal OOT cost that using both pre- and
post-actuation is always less than or equal the SST cost because
the OOT input minimizes the cost over all possible solutions to
the output-transition problem (Definition 1), which includes the
solution from the SST approach.

V. DUAL-STAGE HARD DiSK DRIVE EXAMPLE

In this section, the optimal output-transition (OOT) approach
is demonstrated by using the dual-stage hard disk drive system.
The tip position (the output) of the read/write head in the dual-
stage disk drive is controlled by two input signals — the first input
controls the voice coil motor (VCM) and the second input controls
the piezo-actuated (PZT) suspension. The model and the plant
parameters used in the the following simulations are given in [8].
The objective of the output-transition is to move the read/write
head from an original data track at y to the next adjacent track
on the disk where the head displacement is 7 in the prescribed
time-interval. This time-interval is referred to as the track-to-track
seek time. In the the following simulations, the track-to-track seek
time is chosen to be 0.3 ms. We exploit the advantage of using
piezoactuator which can tolerate a relatively high input (typically
up to 50V) by choosing the weighting factor on the first input
(VCM input) as R; = 1 and the weighting factor on the second
input (PZT input) as R, = 0.0001.

TABLE I
COST COMPARISON BETWEEN USING AND NOT USING THE PRE- AND
POST-ACTUATION FOR THE DISK DRIVE WITH SINGLE-STAGE
CONTROLLER (SISO) AND DUAL-STAGE CONTROLLER (DISO)

Costs (x10~ 1)

(% Cost Reduction) SISO DISO
Not using pre- 4.1 34
and post-actuation (0%) (17%)
Using only post- 2.7 0.38

actuation (34%) | (91%)

Using both pre- and 1.6 0.12
post-actuation (97%)

TFor the 0.3 ms track-to-track seek time.

A. Effects of pre- and post-actuation inputs

First, we consider the optimal output-transition approach that
uses both pre- and post-actuation inputs as described in Section III,
see Theorem 1. The input and output trajectories, when the OOT
inputs (Egs. 40 and 41) were applied, are presented in Figures 1
and 2, respectively. It is noted that, in Figures 1 and 2, the output-
transition started at time ¢; = 2 ms and was completed at time ¢
= 2.3 ms (i.e., the length of the output-transition time-interval was
0.3 ms). Furthermore, the input-energy cost (Eq. 42) when using
the OOT approach with both pre- and post-actuation is equal to
Joot = 0.012.

When the pre-actuation is not allowed, the optimal output-
transition inputs are given by (Egs. 45 and 46), and the input-
energy to achieve the output-transition without using the pre-
actuation input is equal t0 Jnopre = 0.038 which is 22% higher
than the output-transition that using both the pre and post-actuation
inputs.

-------- SST
— 00T
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1k ]
<
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=
3
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g
> -05r 1
b ]
15 1
b . . . . . . .
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] — 00T
H - - 00T No Pre
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__20F
b
=
3
c 10r
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0
_10F
-20 b
. . . . . . .

Time (ms)

Fig. 1. Comparison of the applied inputs to the dual-stage disk drive
system between using both pre- and post-actuation (OOT), using only post-
actuation (OOT No Pre), and not using pre- and post-actuation (SST).

Finally, we consider the case when both pre- and post-actuation
are not allowed or are not applicable. In this case, the opti-
mal output-transition (OOT) solution becomes the standard state-
transition (SST) solution, see Remark 4. The comparisons of the
input and the output trajectories between using the SST approach
and the OOT approach are shown in Figures 1 and 2. The input-
energy cost when using the SST approach is equal to Jss¢ = 0.34
which is an order of magnitude higher than the input-energy
required to achieve the same output-transition when using the OOT
approach (with or without the pre-actuation).

It is noted that the similar results in cost reduction when
using pre- and post-actuation are obtained for the case of the
conventional disk drive which has a single-stage controller (i.e., the
tip position of the read/write head is controlled solely by the VCM
input). The cost comparisons between using and not using the pre-
and post-actuation for the disk drive with single-stage controller
(SISO) and dual-stage controller (DISO) are summarized in Table
I, which also shows the percentage in cost reduction compared
to the default case of single-stage controller without using pre-
and post-actuation inputs. In Table I, we observed that the input-
energy required to perform the output-transition in the dual-
stage system is less than the required input-energy in the single-
stage system when using the same control approach. However,
the substantial cost reduction (97%) is obtained when using the
proposed approach with pre- and post-actuation inputs.

B. Effect of varying the output-transition time-interval

The proposed approach can be used to investigate the fastest
achievable output-transition time for a given limit on the input-
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Fig. 3. Comparison of of the input-energy cost between the SST and

OOT approach where the transition time is varied.

energy. For the dual-stage disk drive example, the input-energy
is plotted against the output-transition time (with the OOT and
SST approaches) in Figure 3. As shown in the Figure 3, the
input-energy (for both SST and OOT approaches) increases as
the output-transition time decreases. The simulation results show
that, for a given output-transition time, the cost for OOT input is
always lower than the cost for SST input as shown in Figure 3; this
is expected, see Remark 4. It implies that the OOT approach can
achieve faster output-transition than the SST approach with the
same amount of input-energy. For example, in the dual-stage disk
drive system, the cost required for 0.3-ms track-to-track seek time
is Jyot = 0.012 when using the OOT approach, however with the
same amount of input-energy the output-transition using the SST
approach requires 0.9-ms to achieve the same output transition.
Thus the required transition time to achieve the output transition
is reduced by 67% by using the OOT approach compared to the
SST approach which does not use the pre- and post-actuation.

VI. CONCLUSION

The direct solution to the minimum input-energy output transi-
tion for dual-stage linear systems is presented in this paper. It was

shown that the proposed approach of using pre- and post-actuation
inputs can substantially reduce the overall cost of the output-
transition when compared to the approach based on the state-
transition, that does not use pre- and post-actuation. Furthermore,
when consider the same amount of input-energy, the proposed
approach can achieve significantly faster output-transitions when
compared to the SST approach.
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