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ARTICLE INFO ABSTRACT
KEJ/'_/VOde-' In this article we study balanced model reduction of linear systems for feedback control
Optimal control problems. Specifically, we focus on linear quadratic regulators with collocated inputs and
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The Hamiltonian function

Riccati equation

Singular perturbation approximation

outputs, and we consider perturbative approximations of the dynamics in the case that the
Hankel singular values corresponding to the hardly controllable and observable states go
to zero. To this end, we consider different perturbative scenarios that depend on how the
negligible states scale with the small Hankel singular values, and derive the correspond-
ing limit systems as well as approximate expressions for the optimal feedback controls.
Our approach that is based on a formal asymptotic expansion of an algebraic Riccati equa-
tions associated with the Pontryagin maximum principle and that is validated numerically
shows that model reduction based on open-loop balancing can also give good closed-loop
performance.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Balanced model reduction, specifically balanced truncation and residualisation, are powerful methods to reduce the di-
mensionality of large-scale linear open-loop control systems [1]. The idea is to compute an associated pair of Lyapunov
equations and identify a subspace that contains only states that are at the same time highly controllable and observable.
One of the features is that they give computable, yet relatively conservative a priori error bounds for all measurable control
inputs with finite energy (i.e. for all square integrable inputs).

It is less clear, however, whether balancing leads to high fidelity reduced models when the inputs are feedback controls
that depend on the system states: the reason for scepticism is that model reduction of open-loop systems aims at approx-
imating the system output as a function of the input where in case of partially observable closed-loop systems the input
(i.e. the control) is a function of the output. The key question therefore is whether balancing can guarantee a backward
stable approximation of the dynamics in the sense of approximating the control.

The linear quadratic regulator (LQR) is a special case of optimal control problem that has an analytic solution in terms of
a linear feedback law and a pair of matrix Riccati equations. The design parameters for the LQR are the weighting matrices
in the objective function, selected according to the system design. These matrices directly affect the optimal control perfor-
mance many and discussions in the pas were related to the question how to shape these matrices based on what is called
eigenstructure assignment [4,6,9]. For finite time-horizon optimal problems, one of the most actively investigated model
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reduction schemes is the singular perturbation approximation, based on a perturbative approximations of the corresponding
Riccati differential equation [12]; an alternative approach via two-point boundary value problems is presented in [17] and
compared to the former in [18].

Balanced model reduction based on balancing a pair of algebraic control and filter Riccati equations has been first stud-
ied by Jonckheere and Silverman [8], based on the idea of projecting the dynamics onto a jointly dominant subspace of
the solutions to the two algebraic Riccati equations (ARE); cf. also [19,23]. Compared to standard balanced truncation, LQG
balancing is far more expensive as it requires to compute a pair of ARE rather than just a pair of linear Lyapunov equa-
tions. Moreover the Riccati equations are lacking the intuitive energy interpretation of the quadratic forms formed by the
controllability and observability Gramians that are the solutions to the associated Lyapunov equations.

In this article we follow an alternative approach and ask how to systematically reduce a linear feedback control system
to the dominant jointly observable and controllable subspace that is related to the controllability and observability Gramians
and the corresponding Hankel singular values of the system. Specifically, we identify the limit LQR system that is obtained
from the original dynamics when some of the Hankel singular values go to zero.

The approach pursued in this paper is based on a formal asymptotic expansion of the Pontryagin maximum principle
and the associated ARE and gives rise to a reduced-order value function that can be identified with the control value of
the balanced reduced-order system. We distinguish three different scenarios that differ in the way that the small Hankel
singular values enter the balanced dynamics and which lead to different limit systems. Even though the reduced dynamics
is based on open-loop balancing, the reduced systems show good closed-loop performance, and we validate the formal
calculations by suitable numerical experiments.

The article is structured as follows: In Section 2 the linear quadratic regulator and the balanced representation of the
state space system are introduced. Section 3 that contains the main results is devoted to the formal perturbation analysis of
three different classes of singularly perturbed regulator problems, and the fidelity of the resulting reduced closed-loop con-
trol systems is compared numerically in Section 4. The findings are briefly summarised in Section 5. The article contains two
appendices that recorded various standard results about transfer functions of linear systems and their singular perturbation
approximation.

2. Linear quadratic regulator

We consider the continuous linear dynamical system

X =Ax+Bu
y=Cx (1)
x(0) =xo

where A ¢ R™" B e R™M (C e RP*" and DP*™ are constant matrices and x, u are the state and the input of the system and
x(0) represents the initial condition. We assume that the linear system described by Eq. (1) is controllable and observable,
and we define the quadratic cost function J is defined by

J= % /Ooo(yTy + uTRu)dt (2)

where y = Cx and R € R™™ is positive definite. We want to find an optimal control u that minimises the quadratic cost
function J subject to (1). We seek an optimal control denoted by u* that has the property that

Jw) <Jw), Vuel?

where u*e[? and the constraint equation x = Ax + Bu has a unique solution. The corresponding optimal solution of this
equation is denoted by x*.
Now, we introduce an approach that depends on the Hamiltonian function defined in the following form:

H= %(XTQX—FUTRU) + AT (Ax + Bu) 3)

where A € R" is called the costate variable. The following theorem describes the way in which we can find the optimal
control that minimises the quadratic cost J.

Theorem 1. [10,16] (Maximum principle) If x*, u* is an optimal solution of (1) and (2), then there exists a function A*(-) € R"

such that
. O0H
i oM )
PR (5)

0x
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and the minimality condition of the Hamiltonian
H(x*,u*, A*) < H(x*,u, A*)
holds for all u e R™

For more details on the proof (see [10,16]).
If H is a differentiable function, then to minimise H with respect to u we can find our optimal control input. The following
condition must be true to find such u:

JH

5 =0 (6)
If we solve Eq. (6), we obtain the following control:

u=—-R1B"A (7)

From (1) and (7), we have the following canonical differential equations that form a linear system (or Hamiltonian system)
written as:

x=Ax—BR'BTA, x(0)=x
A=—-Qx—ATA

This is a coupled system, linear in x and A, of order 2n x 2n. Since the terminal cost is not defined, then there is no constraint
on the final value of A. The control equations can be written in matrix form as:

()-(% ")) g

The linearity of the equation suggests to use the Ansatz

(8)

A=Px (10)
where P(-) e R™" is governed by the differential Riccati equation

P=-PA-A"P+PBR'B'P-Q (11)
Since uelL? over an infinite time horizon, it follows that [16].

im, P =0

which implies that we can replace P in (11) by the unique and positive definite solution to the algebraic Riccati equation
(ARE)

PA+ATP—PBR'B"P+Q =0. (12)

We want now to find a state feedback control u that can be used to move any state x to the origin, so we let the system
evolve in a closed-loop [5,16].

If we find the solution P of the ARE (12), then the optimal control u that can be used to minimise the quadratic cost
function J is written as:

u=—RBTPx (13)
By substituting Eq. (13) into the original system described by Eq. (1), we get the following equation:
x=(A—R'B"P)x (14)
We can summarise the LQR method as follows:

(1) We start with the linear dynamical system:

X=Ax+ Bu
y=Cx
x(0) = xo

(2) We assume that this system is controllable.
(3) We define the quadratic cost function as:

J= %/Om(xTQx + uTRu)dt

(4) We choose Q = QT > 0 such that Q =CTCand R=RT > 0
(5) We find the constant solution P of the ARE:

PA+A"P—-PBR'B'P+Q =0
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(6) We find the optimal control u such that:
u=—R"'B"Px

(7) We write the original system into the form:

x=(A—R'BTP)x

2.1. Balanced representation

We start from the balanced representation of the linear continuous system to derive a version of Eq. (1) with reduced
of Lyapunov equations

dimension. The associated controllability and observability Gramians W, and W, are positive definite solutions to the pair
AW, + WAT + BB = 0

ATW,+W,A+CTC=0

In balanced form that can be obtained by a state transformation x—Tx (see [1]), the two Gramians are equal and diagonal,
W, = W, = ¥ where the balanced Gramian ¥ can be partitioned in the following form

¥4 0

==(% 2)

The two partitions

21 = diag(m, O3,
and

.., 07)

X, = diag(or41, Ors2, .., On)

show us the important singular values that we are interested in and the unimportant ones which we want to delete [20,22].
Also we introduce, as in [3], the balance transformation S that satisfies the equations

S=UYT?

S1=x7XLT

Now, if we suppose 0,1 << or and we know that the Hankel singular values (HSVs) are coordinate invariant, then a reduced
dimension system with small parameters can be obtained since 0,1 > 0,5 >
scaled uniformly according to the equation

->o0yn>0][7].
., 0n) —> €(0r11, Opy2,

..,0n), €>0

To see where the small parameter X, enter the equation, we replace ¥, by €%, or in other words the small HSVs are

(0r4+1, Or42,

We use the balance transformation S(€) to change the coordinate such that
X +— S(e)x

Sn

If we let S~1(¢) = T(¢), then the balanced matrices are partitioned in the following form [7]:
S 1s

S(e) = 11 v 12

Te5n

and the inverse

Ty T2
ro=(4h i)

(15)

as:

(16)
AGe) = —< T
(€) = T(€)AS(€) =

T2 A Ap)(Sn %512
\%Tﬂ %Tzz Ay Axp

If we use the balance transformation described in Egs. (15) and (16), then a new balance coefficient is obtained and written

Sa %522
- T
B(e) =T(¢e)B= ( R

Tz B _ EL
%@Tﬂ %@Tzz B, %32

22

B ( Ay kAu)
=% e,
-

(17)

(18)
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and
(( )_(S( )_( ) S]l \1@‘512 _(' lc) (-19)
€)= €)= 11 12 - JE - = C] NG 2

If we set € =1 in Eq. (17), then the value of A = T(1)AS(1) is simply the balanced matrix A. We can rewrite the balancing
transformations in the following form

S(e)=S()x(e)
and

T(e) = x(e)T(1)

o-(b 2)

In the next steps we omit the tilde from the balanced matrices, in order to have the following matrices:

A LA, By
A= ve ., B= ., C=(¢ “ZLc
(e i re) =G =9
Let us define the new variable g = (q1, q) which can be balanced using the balance transformation T(¢) and we write q in
the balance form as:
q=T(e)x

Now, the linear dynamical system in Eq. (1) is converted to the singular perturbation system that is described in the fol-
lowing equation:

] A LA B
(0)-(E 56 (4
7ehn ¢fAn J\@2 b2

where

(20)
_ 1 1
y= (Cl \/gcz) (qz)
Eqg. (20) can be written in another form:
. 1
=A —A Biu
01 nq: + NG 1242 + b1
] —LA +1A +LBu (21)
CIz—ﬁ 2141 p 2242 NG 2
1
=C —C
y 191 + NG 202

the variable g, is scaled as
G2 — Veqz
then Eq. (21) becomes:
41 =Anq1 +Anq2 + Biu
€42 =Anq1 +Anqz + Bau (22)
y=04q1+GQq2

This system can be written in matrix form as:
q An A \ (¢ By
i) = + u
<Q2) (lAZl lAzz) (CIz) (232
q1
=(CG C
y ( 1 2) <q2>

where the block matrices Aq1, A1, ... are in balance form and € is a small positive scalar that represent all small parameters
to be neglected [7,12]. To reduce the dimension of the original system and obtain a reduced order model, we set the singular
perturbation € = 0. The linear dynamical system has a multi-time behaviour caused by the singular perturbation and this
yields the slow and fast variable of the system. The quasi-steady-state for both slow and fast variables are found with more
details in [12]. Now, to apply the singular perturbation approximation and obtain a reduced order model, we introduce the
following two assumptions [12]:

(23)
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Assumptions 2. The block matrix A,, is invertible and stable. i.e,
R{A(A)} <0
Assumptions 3. The following equation has a distinct root when we set € = 0.
€2 = Anqi1 +Anqz +Bu (24)

In our dynamical system described by Eq. (22), the slow variable (or dynamic) is q; and the fast variable (or dynamic)
is g,. According to the two Assumptions 2, 3 and from Eq. (22), if we set € = 0, then the root of Eq. (24) denoted by ¢, is
given as

G = A7) AnX — Az} Byu (25)

If we substitute the value of g, in the first part of Eq. (22), we obtain the reduced order model represented by the following
state-space equation

g1 =Ag, +Bu
7= Ciy + Bu (26)
G:(0) = 1 (0)

where
A=Ay —AAZ Ax

3. Singularly perturbed regulator problem

In this section we introduce the linear quadratic regulator problem for the reduced order model of a dynamical system
[11]. Our goal is to find an optimal control for the reduced system using the singular perturbation approximation. For the
ease of notation we use the original variable names x, y for the original and the balanced systems.

3.1. Singular perturbation regulator problem of type 1

Consider the linear time-invariant dynamical system

URESENGY
y= (G cz)@ (28)

This system can be written in another form as:

X = Aux+Apz+Biu (29)
€ = Anx +Axypz+ Byu
From [3], we see that this system can be optimised according to the following quadratic cost function:
‘l o0
J= Ef "y + u"Ru)dt (30)
0
or
‘l oo
J= 5/ (x"Qx + uTRu)dt (31)
0
where Q = CTC >0 and R> 0.
The optimal control u is defined as:
-1 X
u=—R"(B] ;3;)1)(2) (32)
where P is the solution of the Algebraic Riccati equation (ARE):
PA+ATP—PBR'B'TP+Q =0 (33)

The goal now is to solve the ARE and set € = 0 to obtain a reduced equation for the ARE.
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If we substitute the matrices A, B, C and Q in Eq. (33), then we have the following new form of ARE:

An Az AT 1AT By o1 a
P + (% 21\p_p RYBT 1B+ | L)(C; G)=0 34
()G B)e—e(B)eer e () o .
A solution of Eq. (34) can be chosen as:
_( Pn  €Py
P= <€P]T2 ePy (35)

so we can avoid the unboundedness when we set € — 0 [11].
Substituting Eq. (35) into Eq. (34), we get:

Py €Pp\( An  An n Al %A; Py €Pp
GP]TZ EP22 %Aﬂ %Azz A{Z ZA%-Z GP]TZ €P22

Py €Pp\( B i(pr 1gpr\[ Pn €Pi2 c _
_(GP]TZ GPZZ) (le R (B1 232) ePl, Py + cr (C] Cz) =0 (36)
From Eq. (36), we get the following (n +m) x (n+ m) equations:
0 = PyAn + PioAst + Al Py + AL PL, — (PuB1 + PpaBy)R™1 (BT Py + BSPL) +CT Gy (37)
0 = PiiArz + PpAxy + €AY, Piy + AY Py — (PBy + PioBo)R™1 (€BI P, + BiPy) + C1G (38)
0 = €PLAy + PyAy + AL Py + AL PL — (€PL By + PyBy)R™1 (BT Py + BLPL) +CICy (39)
0= 6P1T2A12 + P22A22 + €A71-2P12 +A£2P22 — (6P1TZBI + Pzsz)Ril (63{1’12 + ngzz) + CZTCZ (40)

When we set € =0 in Eqs. (37)-(40) we obtain the following m x m reduced equation for P, and written as:
PyaAgs + ALy Py — PyWPy +CIC =0 (41)
where W = B,R7BJ.
Another n x n equation for Pj; is obtained when we express Py, in terms of P;; and Py, and this equation takes the form:
1511A + ATﬁﬂ — 1511 BR_lETp11 + ¢"¢=0 (42)
where A, B and € are defined in [14]. If (A, B) is controllable pair and (A, €) is observable pair, then applying the implicit
function theorem to Eq. (34) with Eq. (35) [11,12], we have:
Pj=Pj+0(e), i,j=1.2 (43)

If we use 15,»1» instead of Py in Eq. (43), then the feedback control in Eq. (32) becomes:

wmre (o )(2) "
= —R71(BIPy; + BYP;)x — R (Bl Py + BiPy)z
From Eq. (44), the original system described by Eq. (28) becomes:
X = (A — ByR (B Py + B3 Pi2) )x + (A2 — BiR™1 (€B] P2 + B3 Pry) )z (45)
€z = (Ay — BoR7(B]Pyy + BSPi2) )x + (Agz — BoR ™' (€BI Pry + By Py) )z

If this system is asymptotically stable then from Eq. (43), we have a solution x(t) and z(t) with O(€¢) of the optimal solution
[13]. If we assume that A,, is stable, then we can apply this assumption to the feedback system in Eq. (45).
If we reduce the full system in Eq. (29) using the singular approximation approximation, we obtain the following reduced

order model:
Xr = ArXr + Bruy (46)
Yr = GXr + Dyuy

where
Ar = An — ApAy An
B, =By — A12A£21 B,
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G =C1 — GA;) Ax
D, = —CzAizl B,

We define the cost quadratic function of this reduced order system as:

‘1 [oe]
=5 /o ryr + ufReuy)dt (47)
or, equivalently
‘1 o0
Jr=>5 /O (%7 Q,x; + 2xXTC;Dyuy + ul Reu,)dt (48)
where Q; = CJC; and Ry = R+ DI D;.
The optimal control for this reduced system defined as:
U = —R'BIPx, (49)

where P, is the constant solution of the following Algebraic Riccati equation for the reduced system described by
Eq. (46) given as:

P (A; — B,R-'DIC,) + (A — B,R,'DIC)TP, — B.B.R; "B P, + CT (I + D;R,D})~'C;, = 0 (50)

We introduce now the following theorem that describes the relationship between the reduced Riccati equation sys-
tem (41) and (42) for the full system (29) after putting € =0 and the Riccati equation (50) for the reduced system in
Eq. (46) when we set € =0

Theorem 4. If Eq. (43) holds and A2‘21 exists, then the solution Py of Eq. (50) is identical to the solution Pj; of Eq. (42).

For more details, see [12,13].
According to Theorem 4 and if we substitute the feedback optimal control u, described by Eq. (49) into the reduced
system Eq. (46), then we obtain the following system:

Xr = (Ar — B-R7'BIP)x, (51)
where (Ar — BrR*1BfPr) is stable and the pair (Ar, By) is controllable. If we find the optimal solution x; of (51) and substitute
the value into Eq. (49), then we find the optimal control for the reduced order model.

3.2. Singular perturbation regulator problem of type 2

In this subsection, we introduce a linear dynamical continuous system with input matrix B that does not depends on
€. We want to find the optimal control for this dynamical system and then use the singular perturbation approximation to
reduce this system and find the optimal control for the reduced order model.

Let us consider the following linear dynamical continuous system defined as:

x g An) (X> <B1>
=14 A + u
(z) ( tz J\z) " By
y=( @) (") (52)
z
Another representation of the above system could be written as:

XZAHX + Az + Biu (53)
€7 = Anx +Axypz+€eByu
If we assume that A,, is stable and /‘\2‘21 exists, then we set € = 0 to obtain the following equation:
Z= A2_21A21)? (54)

When we substitute Eq. (54) into Eq. (53), we get the following reduced order model:

X= Ax + Bi (55)
=Cx
where
A=Ay —ApAy) Ay

o
I

By
C =C — CZAEZ]AZI
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Our goal now is to find the optimal control for the system in Eq. (52) that minimises the quadratic cost function ] defined

by the following equations:
J= 1f "y + u"Ru)dt
2 Jo
or equivalently
J= %/ (x"Qx + uTRu)dt
0

where Q =CTC >0 and R> 0.
The feedback optimal control u for the original system is defined as:

u=—R" (B! B§)P(§)

where P is the solution of the Algebraic Differential Equation defined below:
An A Al 1T Bi1\,-1 cr
P +( 1 21)p—p R'Y(BT BI)P+ | L)(CG G)=0
(;Az1 1A Al §A§2 B, (CHY) c @ &)
We choose the solution of Eq. (59) as:
p_ Py €Pp
- 6P1T2 ePy
to avoid the unboundedness for € = 0.
Eq. (60) together with Eq. (59) give the following equation:

Py €Pp\( An  An n Al %A; Py €Pp
€P1T2 €P22 %Az] %Azz A{Z EAEZ €P1T2 GPZZ

Py €P\( Bi \p-1/pr 1gmr\[ Pu €Pn cr _
_<eP{2 ey |\ 1B, R (BT 2B3) Pl ebp) T\ @ ©)=0

Form Eq. (61), we obtain the following set of equations:

0 = PAn + PioAst + Al Py + AL P, — (PuBy + €Pi2By)R™ (BT Py + €BLP),) +Cl Gy

0 = PA1z + PpAyy + €AT Piy + Al Py — (PiB1 + €Pi2B2)R™ (€BTPiy + €BYPy) +CICy

0 = €PLA + PoypAyy + AL Py + AL PL — (€PLB; + €PyBy)R™1 (e BT Py + €BIPL) + CIC,

0= €P17-2A12 + PyAy + GA{ZPQ +A£2P22 — (EP{zBl + €P2232)R71 (EB{PlZ + Engzz) + C;CZ

When we set € = 0 in Eqs. (62)-(65) we obtain the following reduced Riccati equations:

ﬁ]]A“ + 1512A21 + A-{]IS}.] +A£115]Tz - 151131R7]B-{Is]1 + C{C] =0
PrAsz + PipAy + AL Py +CIG, =0
PoAg1 + AL Py + ALPL +CIC, =0

PpAg + AL Py +CIC, =0
We write Py, and PJ, in Eqgs. (67) and (68) in terms of Pj; and Py as follows:

Py = —(PnAr + AL Py + C1G)AS)

P, = —(AL) "1 (PpAx + APy +CCy)
Eq. (69) can be expressed in different form as:

A1 (A3)) " PaAoy + A3 PraAyy Axy = =A%, (A3,) ' G GAR A

(56)

(57)

(58)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(72)
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Substituting Eqgs. (70) and (71) into Eq. (66) and using Eq. (72) we obtain:

PhA+ATPy — PuBR'BTP +CTC=0 (73)
where

A= An - AnAy An

B=B (74)

C=C - GA Ay

If we assume the pair (A, B) is controllable, then the values of Pj and P, i, j=1,2 satisfy Eq. (43).

The feedback optimal control defined in Eq. (58) together with the result in Eq. (43) can be written as:

o= (i 32)() 5
= —R(BIPy; + €BIP;)x — R (Bl Py + €BLPy)z
We can use the result found in Eq. (75) to write a new representation of the original system described by Eq. (53) as:
X = (A — ByR™ (B Py + €B3Pi2))x + (A2 — ByR ™" (€BI Py + €B}Pp2) )z 76)
€z = (A — €BoR (B Py + €B3Pr2) )X + (Az2 — €BoR™1 (€B] Pr + €B) Py)z

If the system in Eq. (76) is asymptotically stable and if Eq. (43) holds, then we can compute the solution x(t) and z(t) within
the O(¢) of the optimal control.

The next step now is to find a feedback optimal control for the reduced system defined in Eq. (55) that can be used to
minimises the quadratic cost function J defined as:

-1 -
J= 5[ (y'y + aTRi)dt (77)
0
or equivalently
P B
J= f/ (xTQx + u'Ri)dt (78)
0
where Q =CTQ >0and R=R> 0.
We define the optimal control for the reduced system (55) as:
i = —R'BTPx (79)
where P is the solution of the following Algebraic Riccati equation for the reduced system in Eq. (55), defined as:
PA+ATP—PBR'B"P+C"C=0 (80)
Since A, is stable and A;zl is exists, then the solution of Eq. (80) is the same as the solution of Eq. (73), thus we have:
B =Py (81

By using the feedback optimal control in Eq. (79) and the solution P in Eq. (80), then we obtain the following reduced
system derived from the reduced system in Eq. (55) that has the form:

%= (A—BROBTP)R

L (82)
=Cx
where
A=Ay — ApAZ A
B =B,

C= C - C2A521A21

We assume that the matrix A — BR-1BTP is stable and the pairs (A, B), (A, C) are controllable and observable, respectively.
By solving the reduced system in Eq. (82), the solution x(t) is used to find the feedback control & which is important to
find the minimum value of the quadratic cost function J.

3.3. Singular perturbation regulator problem of type 3

In Section 3.2, we applied the singular perturbation linear quadratic regulator to find an optimal control for the reduced
system. We now turn to a different scaling that shares some features with the classical balanced truncation approach. To
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this end consider the full linear time-invariant dynamical system defined by

X\ _ (An A \(x B,
(- 5)6) )

(83)
X
y=G @) <Z>
We can rewrite the original system in Eq. (83) in another form as:
X =AnXx+Apz+Biu
1 12 1 (84)

€z = €AX +AxpzZ+ €Byu

If we apply the balanced truncation method to reduce the original system described by Eq. (84), we get the following

reduced system form:
Xr = AuXr + Biuy (85)
Yr=Cixr

Moreover, we can apply the singular perturbation approximation method to reduce the original system in Eq. (84) to obtain
the reduced system:

§=A1])Z+B]L_l (86)
J =GR

From Eqgs. (85) and (86), we see the two reduced systems have the same state space equation and this means that to
find an optimal control for the reduced system in Eq. (85) using the balanced truncation method, we can use the singular
perturbation method described in Section 3.2.

We start by defining the quadratic cost function J for the original system (83) as:

‘l o0
J= 5/0 "y + u"Ru)dt (87)
or equivalently
J= %/ (T Qx + uRu)dt (88)
0

where Q =CTC > 0 and R>0.
Our optimal control u for the original system is defined as:

_ X
u=—R"(B] Bg)P(z> (89)
The matrix P is the solution of the following ARE:
PA+ATP—PBR'B'TP+Q =0 (90)

The next step now is to find a reduced Riccati equation for the full Riccati equation (90) when € = 0.
To avoid the unboundedness when € = 0, we choose the solution P in the form:

[Py €Pp
P= (GP{FZ €P22> (91)

By substituting Eq. (91) into Eq. (90), we get:

Py €Pp\[(An An n AL AL Py €Pp
EPITZ €P22 Az] %Azz A.{Z %Agz €P1T2 €P22
[ Pn €Pa\(Bi\poipr pry[ Pn €Pn2 cr _
(eP{Z €P22><BQ)R Bl B ept, ep,)t(c)@ @)=0 (92)

After solving Eq. (92), we obtain the following equations:

0 = Pj1Aq1 + €PpAxn +A{1P11 + EA;P]TZ — (P11 Bi + EP]sz)R_] (B{P]] + EB%PlTZ) + C{Cl (93)
0 = PyA1z + PpAg + €A Piy + €AY, Py — (Pi1By + €P12B2)R™ (€BI Py + €B3Py) + C1 G (94)

0= GP]TZAH + €P22A21 +A{2P1] +A£2P1T2 - (EPszB] =+ 6P2232)R71 (B-{P]] =+ €B£P1T2) + CgC] (95)
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0= EPITZAQ + PyrAy + EA{2P12 +A§2P22 - (EP{zBl + EPzsz)Rf] (GB-{P]Z + €B£P22) + C;Cz (96)

Now, if we set € = 0 in Egs. (93)-(96), we obtain the following reduced system Riccati equations:

PyAn + AL Pl — PyBiR'BIPy +CIC =0 (97)
PiAr + PpAxy +CIG =0 (98)
AL Py +ALLP, +CIC =0 (99)
PyAzs + AL Py +C1C, =0 (100)

Assumptions 5. The pair (A, B;) is controllable and P;; is a unique positive semidefinite solution of Eq. (97) such that:
A]l — B]R7]B¥1511
is stable.

According to Eq. (43) in Section 3.1, we can use 15,-j instead of P; to rewrite the feedback control in Eq. (89) as:

u=-RT(B] B (515}2 EIIZZ) (§> (101)
= —R ' (BIPiy + €B}Piy)x — R (¢BI Py + €BLPy)z
Using Eq. (101), we obtain a new form of the original system described by Eq. (84) such that:
X = (A1 — ByR (B Pyy + €BjPp2))x + (A2 — BiR ™" (€B{ Py + €BIPyy) )z (102)
€= (€A21 — €B,R1(BIP; + 6351512))X + (Azz — €B,R (B Py + 6351522))2

If the above system is asymptotically stable and Eq. (43) holds, then we have a solution x(t) and z(t) for this system with
O(€) of the optimal solution [13].
We are going now to define the quadratic cost function for the reduced order model system described in Eq. (85) or (86).
Let J be the quadratic cost function of the reduced system in Eq. (85) or (86) defined as:
PR B
J= 5/ (7'y + a' Rit)dt (103)
0
or, equivalently
P L
J= i/ (xTQx + u"Ri)dt (104)
0

where Q =CTC>0and R=R > 0.
The optimal feedback control for the reduced order model is defined as:

il = —R'BTPx (105)
where P is the solution of the Algebraic Riccati equation for the reduced order model and given as:
PA; + ATP — PBiR'BIP+CIC; =0 (106)

From Theorem 4 in Section 3.1, we see that the two solutions P;; and P are both identical.

Hence we conclude that Py; is the reduced Riccati equation (97) and it is the same as P which is the solution of the
reduced system.

By substituting the feedback control Eq. (105) into the reduced system (85), we get:

X = (An — BiR'BIP)x, (107)

where we have assumed that the matrix (Ay; — BR-'B]P) is stable.
If we solve Eq. (107) of the reduced system, then we can use the solution x(t) to find the optimal control. This optimal
control can be used to find the optimality of J.
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x10° The optimal controls and their differences
1 O T T T T T T T T T

U]

The optimal control U1, U2 and (U1-U2)

__4 [t i 1L s i]. i ... Ll il
0 10 20 30 40 50 60 70 80 90 100
The time t

Fig. 1. The optimal controls of the mass-spring damping.

Table 1
The L2 norm of (U; —U,) and (P — Pyy) of the mass-spring.

T Uy = Usll, BT [Py — Py I, Ui = Uall, SPA - [Py = Py 1,

2 4,0511x10-% 0.0159 4.2643 x10-2 0.0193

4 3.1877x10°23 0.0049 3.4627x10°12 0.0035

6 2.7572x107% 6.4136x10%  3.1813x1072° 2.1445x10~*
2.2720x10-28 6.9710x10*  7.0385x10-27 3.8847x10°°

10 4.0902x10-28 11015x10~%  1.1291x10%° 6.8224x10°6

4. Numerical illustration

In this section we include all results obtained by the singular perturbation approximation (SPA) techniques to determine
the order of the reduced models.

To find an optimal control U; for the original system and U, for the reduced order system, we apply the balanced trunca-
tion and the singular perturbation approximation methods to the mass damping system example. The size of the system is
Ns = 10 and the size of the reduced model is rs = 2. The optimal control is computed by using the results in Sections 3.2 and
3.3. The solution of the Riccati equation P of the full system is computed and used to find the value of U;. We apply the
approaches in Sections 3.2 and 3.3 to find the solution of the Riccati equation P, of the reduced system. Since the first block
P11 of P is equal to the value of P;, so we can extended P using Py as the first block and the rest blocks are zero to obtain a
new solution of the Riccati equation denoted by Pj;.

Another optimal control for the full system U, is found using the value of Pj;, and hence we compute the ||U; — U, Iz,
norm. Fig. 1 represent the plots of the two optimal controls U;, U, and (U; —U,) using the balanced truncation and the
singular approximation perturbation.

Finally, Table 1 contains the values of [|U; —U,||;, and [Py — Py 1, by applying the balanced truncation and singular
perturbation approximation to the mass-spring damping.
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5. Conclusions

In this article we have discussed singular perturbation approximations of LQR systems based on open-loop balancing of
controllability and observability properties. We have studied the behaviour of the control value and the corresponding op-
timal control in the limit of vanishing Hankel singular values and analysed three scenarios that differ in how the dynamics
scales with the negligible Hankel singular values. As two special cases of the singular perturbation approach, we recover
the balanced truncation approximation (type 3) as well as the residualisation method (type 1). Even though our approach
remained purely formal, we have given some numerical evidence that open-loop balancing can give good closed-loop per-
formance.

Appendix A. The reciprocal system of a linear dynamical system

In this section we discuss some properties and some results related to the reciprocal system of the balanced realisation
for the infinite dimensional systems [21].

Let the linear continuous dynamical system represented by the equation

X = Ax + Bu
y=Cx+Du

If the system (A, B, C, D) is balanced with Gramian X, then we have

AY + ZAT +BBT =0
AT +ZA+CTC=0

We let G(s) to be the transfer function of the balanced system (A, B, C, D), then
G(s)=C(sI—A)"'B+D

the reciprocal system of the balanced system (A, B, C, D) is denoted by (A, B, €, D) and defined as [2,21,22]:

A=A"1

B=A"B

R (108)
€=—CcA!

D=D-CA'B

Remark A.1. If we compute the value of G(0), we have that:
G(0)=—CA'B+D=D

Remark A.2. Let a matrix A is given as:

An Ap
A=
(A21 A

the inverse of A is:

Al = (A — AppAz) Ay ) ™! —A A (Azs — AnALAp) !
—A3) Agi (An — ApAy Ax) 7! (A2 — AnAAp) ™!

we also have

Al = (A — AAz) Ay ™! —(Ax — AnAlAn) 1ARAT
—(An — ApAy An) 1AnAY (A — AnAAp) ™!

Let G be the transfer function of the reciprocal system (A, B, C, D), then:

G(s)=C(sI-A)"B+D (109)
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the relation between the two transfer functions G and G is given as:
G(S)=C(sI-A)"'B+D
=C(sI—A)'AA"'B+D
I

= Cl(A* - ) 'A'B+D
S N

1
- —CG _A +A‘1>(§ —A—l) A-'B4D

-1
— _CA'B—CA"! (g —A‘1> A'B4+D (110)

~1
- _cA! (é _ A*l) A~'B+D—CA'B

The following lemma shows us the balanced realisation of the reciprocal system [15,21].

Lemma A.3. Let the system (A, B, C, D) be the minimal and balanced realisation with Gramian ¥ of a linear, time-invariant and
stable system, then the reciprocal system (A, B,C, D) is also balanced with the same Gramian X.

Proof. We know that X satisfies the Lyapunov equations
AT +ZAT +BB" =0
AT +ZA+CC=0
Thus multiplying the first equation from the right by A-! and from the left by A~T we get
ATTADAT+A TN (ZEADAT +AT(BBTAT =0
SAT+A 'S+ (AB)(A'B)' =0
Substituting the values in Eq. (108), we have that
AT + AT +BBT =0
The second Lyapunov equation multiplied by A~T from the right and by A~ from the left, gives us
ATATDA T +AT(ZTAA T +AT(CTOA =0
SAT+ATE + (CAHT(CA H =0
In the same way from Eq. (108), we have
ATS + XA+ CTC=0
This means that the reciprocal system (A, B, €, D) is balanced with the same Gramian ¥. O

The reciprocal system (4, B, €, D) and the Gramian ¥ are partitioned as
A= fju 1§12 . B= 1?1
An  An B,

~ N A p 0
=G G) == ( 0 Ez)
then if we refer to [1,15,24], we have the following lemma:

Lemma A4. Let the hypothesis of Lemma A.3 hold and let the reciprocal system (A, B,C, D) be partitioned as in Eq. (111). Then

the subsystems (A;, B;,C;, D), i=1,2 are also internally balanced with Gramian ¥;, fori=1,2.
Lemma A.5. Let the hypothesis of Lemma A.4 hold. Then the subsystem matrices A,-i, i=1,2 are asymptotically stable if ¥
and X, have no common diagonal element. Further, the subsystem (A;;, B;,C;, D), i=1,2 is controllable and observable.

In order to apply balance truncation to the reciprocal system (A, B, ¢, D) we assume that the Hankel singular values
oj for j=1,2,...,r are distinct and such that o7 > 03 > --- > 0, > 0 to have X; >0, Then we have the following rxr
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reduced system (A7, B, ;. D) with state space equation:

The values of Ay;, By, C; and D can be computed from Eq. (108) and Remark A.2, and they defined as:

An = (An —ApAy ) Ay) ™!
Bi = (An — AAy) A2n) "1 (B1 — ApAylBy)
Ci = (C1 — QAL An) (A — ApAy Ay ) !
D=D-CA'B
The transfer function for the reduced system (113) is denoted by G, and defined as:
Gr(s) =Ci (sl —An) 'Bi+D

We want, now, to find the Hy, norm for the reduced reciprocal system.
The error bound is represented in the following lemma:

Lemma A.6. We have

n
IG-Gille<2 ) o

i=r+1

The proof of this lemma can be found in [15].

Appendix B. Singular perturbation approximation

Let G be the transfer function of the reduced order model in Eq. (26), then:

G(s) =C(sl —A)"'B+D

From the definition of the reduced reciprocal system (113) and the two Eqs. (114) and (27), we obtain the following:

An = (An —ApAjAn) 1= (A)!
B = (A — AA3) An) ' (Br — AipAy)By) = (A)'B
Ci = (C1 — GAZ Ax) (An — ApAy Ay) ! = —C(A)™!

(111)

(112)

(113)

(114)

(115)

(116)

D=D-C(@A)'B
In virtue of Eq. (116), we have the following relationship between the two transfer functions G(s) and G;(s) and written
as:
G(s)=C(sI—A) 'B+D
-1
=c'(1)(1_ 1A) B+
S S
-1
=¢(5)(W1a-2A) B+
S S
—c‘(l)((A)- - 5)71(A)-1E+D
T \s s
~(1 -1 [ ‘7171‘71' D
- (E — &) +A)( A) ) (A)'B+D

-1
— _C(A)'B _c'(g - (A)*l) A 1B+ D

-1
— _C(A)! (g - (A)*l) (A B+D—C(A) B

(Lh)
(1)

>

1
B1+ﬁ

(117)
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Since the full system (A, B, C, D) is balanced and asymptotically stable and we have the balanced Gramian X = (% 20 )
2

we introduce the following theorem for balancing of the reduced system (A, B, C, D).

Theorem B.1. [21] The reduced order model (A, B,C, D) by singular perturbation approximation is balanced with ¥ and asymp-
totically stable.

Proof. We know from Lemma A4 that the reduced system (A1, By, C;, D) is balanced with £; which satisfy the Lyapunov
equations

AnZi+ AL + BBl =0
Al S+ 51An +CT6 =0
we multiply the first equation from the right by A;;! and from the left by A7 to get
AJAnZOAT + A (ZATDAT + AT (BIB)AT =0
SAT + A S + (A B ALB)T =0
substitute these values into Eq. (115) we obtain
AY; +X,AT+BBT =0
If the second Lyapunov equation is multiplied by A]‘lr from the right and by A1_11 from the left, then we get
AT AL DAY + A (ZiAAL + A (CTCHA =0
AL + AT+ GADHTGAH =0

In the same way from Eq. (115), we have
AT + A+ CC=0
Finally, our reduced system (A, B, C, D) is balanced with Gramian X;. )
Since Aq; is stable .ie., %#{A(A11)} <0, where A is an eigenvalue of Aq;, then the corresponding eigenvalue of A is % S0
we have R{};(A;;)} < 0 which mean the reduced system (A, B, C, D) is asymptotically stable O

If the hypothesis of Theorem B.1 holds true, then there is an error bound available for the singular perturbation approx-
imation (A, B, C, D) of the stable and balanced system (A, B, C, D).
In the form of the Hy, norm, the error bound is given as [15]:

n
IG=Gillw <2 )" o (118)

r=i+1

Proof. From Egs. (110), (117) and Lemma A.6, we have
- ~ 1 A1 ~ 1 ~ 1 -
IG(s) = G)lee = 16(5) = G(5) +G(5) = Gr(5) + Gr(5) = CO) o
~1 A1 ~ 1 ~ 1 -
= 166) = 6l + 16(2) = Gr(Dllow +16:(5) = ES)

<163 - Gl

n
52201‘

i=r+1
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