(PID) 5 H,, Optimality of PID Control

1. H (or L£5-gain) optimality of a PID controller is analyzed, especially, for Lagrangian systems.

2. H, norm (L,-gain) optimization is a means to reduce the disturbance effect in achieving the
optimal performance cost.

3. For the H,, norm optimization from the disturbance effect to the performance cost, the non-
linear H ., control theory is utilized.

4. Nonlinear H., control scheme

is robust and performs well

has not been widely accepted in industry

requires the solution of nonlinear partial differential equation (PDE) (or HJI equation)
full state feedback case [A. J. van der Schaft : 1992]
output feedback case [A. Isidori et al : 1992]
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(PID) 5.1 Error State-Space Representation of Lagrangian System
1. (Lagrangian system) It is described with n generalized coordinates ¢ = [q1, 2, - - , g,]7 € R™
M(q)j+ C(q,4)q + g(q) +d(t) =T, (109)

where

M (q) € ™" is an inertia matrix,

C(q,q) € " Coriolis and centrifugal matrix,

g(q) € R" gravitational torque vector,
e 7 € R" control input torque vector

e d(t) unknown external disturbance vector.

2. (Definition of Extended Disturbance) As a new form, let us define the extended disturbance
for the trajectory tracking control, including the external disturbance, as follows form:

w (t, é,e,/edt) = M(q) (§a + Kpé + Kre) + C(q,q) (q'd—i—er—l—Kj/edt> + g(q) + d(t), (110)

where

e Kp and K; are diagonal constant matrices,

e ¢ = ¢q; — ¢ is the configuration error.
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3. (Trajectory Tracking System Model) If the extended disturbance defined above is used in the
Lagrangian system of Eq. (109), then the trajectory tracking system model can be rewritten
as

M(q)s+ C(q,q)s = w <t, e, e,/edt) + u, (111)

where u = —7 and s £ é + Kpe + K| [edt .
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4. (Error State Space Representation of Trajectory Tracking System Model) If the state vector is
defined for the tracking system model (111) as follows:

1 fedt
& o= e | eR” (112)
T3 e

then the state space representation of trajectory tracking system model can be obtained as
the following form:

T = Az, t)r + B(z,t)w + B(z,t)u, (113)
where
0 I 0 0
Az, t) = 0 0 I B(z,t)=1| 0
—M_ch[ —M_chP—K[ —M_lc—Kp M1
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5. If any controller can stabilize the trajectory tracking system model (113), then it makes the
original system (109) stable because the boundedness of a state vector x implies those of ¢ and
. However, the converse is not true.

z] <o — Je]<ooand|é|<oo — gl <ocand || < oo

6. For the set-point regulation control, the Lagrangian system model (109) can be rewritten by
using the state vector ¢ as follows:

M(q)§+ C(q,4)g = wi(t,q) + T, (114)

where w;(t,q) = —g(q) — d(t). On the other hand, for the trajectory tracking control, we ob-
tained the system model (111) by using the composite state vector s. Here, we should notice
that two system models Eqs. (111) and (114) show the same dynamic characteristics such as

—M(q)~'C(q, q).

G=—M(q)"'Clq:9)q + M(q) " wi(t,q) + M(q)~'r in terms of ¢
§=—M(q) 'C(q,q)s + M(q)  w(t,z) + M(q) 'u in terms of s
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(PID) Class K function, class K, function, and class XL function,

e class K function: v(|w|)
e class K, function: ~(|z|)

e class KL function: §(|z|,t)
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(PID) 5.2 H., Optimality of PID Control

1. Among the stability theories, the notion of input-to-state stability (ISS) is more convenient to
deal with the disturbance input than other theories.

2. (Basic Characteristics and Properties on the ISS)

e the ISS notion is helpful to understand the effect of the set of inputs such as control,
perturbation and disturbance on system states.
e when the set of inputs go to zero, the behavior of system tends toward the equilibrium.

e when there exist unknown bounded inputs such as perturbations and external distur-
bances acting on systems, the behavior of the system should remain bounded.

2(t)] < B(12(0)],6) + 7 ( sup \w<f>|) 115)

0<r<t

where [ is class L function and ~ is class K function.

e as an alternative, the ISS of the control system can be proven by using Lyapunov function
V < —y(lz]) +y2(|w]) (116)

where ~; and v, are class K functions.

o If |2| > p(|w]|) is satisfied, then we have
2] 2 p(jwl) < p~H(lz]) 2 Jw| =V < —m(lz]) + 7207 (|2]) £ () (117)

where p and 73 are class K functions. In addition the global asymptotic stability is
achieved only if V(z) — o0 as x — oc.
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(PID) 5.2.1 ISS-CLF for Lagrangian Systems

1. To show the ISS of the trajectory tracking system model, we should find both (1) the Lyapunov
function and (2) the control law.

2. (Definition for ISS-CLF) A smooth positive definite radially unbounded function V (x, ) : R3" x
R, — R, is called an ISS-CLF (ISS Control Lyapunov Function) for the trajectory tracking
system model, if 3 a class K, function p such that the following implication holds for all x # 0
and all w:

lz| > p(Jw]) = i%fV < 0. (118)

3. (Theorem 5.1) Let s = ¢ + Kpe + K; [ edt € R". If the trajectory tracking system model of Eq.
(113) is extended disturbance input-to-state stable (ISS), then the control law should have the

following form with a > 1i:

u = —osz—p_l(\m\)‘%', (119)

and V (z,t) = 32" P(z,t)z is an ISS-CLF with o = 1, where

KIMK;+ KiKpK KiMKp+ Ki K KM
P(:E,t): KpMK;+ Ki K KpMKp+ KpK KpM (120)
MK MKp M

under the following two conditions for P:

a) K >0,Kp >0, K; >0 constant diagonal matrices
b) K]% > 2K].
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4. (Core of proof) From [HW # 8], we can get V:

V,B =2"PB =2"[K; Kp, 1] = s"
L . 0 K KpK KK
Vi+ V, Az = ExT (P L PA+ ATP) v=-2T |K;KpK 2K K KpK|

2 | KiK KpK 0
| K(K K;KpK KiK K?K 0 0
:§ggT K;KpK KK KpK|—| 0 (Ki-2K)K O |z
KK  KpK K 0 0 K
L[ . [KiK 0 0
zixT Kp| K [K; Kp ]]x—ixT 0 (K}p—-2K)K 0=
I 0 0 K
1 1

1 1
= §STKS 2:6{[(%[(3]1 — 5:1:%(](% —2K)Kzy — §:U3TK3:3

V:Vt—i—\/xAx-l—Vwa-l—VxBu<O

1 1 1
= isTKsan w4+ sTu < 2:U1KIK$1—|— 2x2(KP 2K1)Ka:2+§:r:§K:c3

where the right-handed side of above inequality is positive definite under the given conditions
K >0,Kp>0,K;>0,and K% > 2K].

If |z| > p(Jw|) and the controller (119) with o > 1 is applied, then the left-handed side of above
inequality is negative definite

1

§STKS—|—S w+ s u<2TKs—i—|Hw|+su (121)
1 1
5 sTKs+|slp (o) + sTu = — <a—§> sTKs <0 (122)

Since inf, V < 0 is achieved with o = %, V can be an ISS-CLF.
139



5. An important characteristics of controller (119) is that it has the PID control type as follows:
p (|=))
u:—<aK+ I) <é+Kp6—|—K1/edt>. (123)

5]

6. Another characteristics of above controller is that it can be rewritten as the optimal control
type of

u=—R'BTPx

by letting

Aoy & (e +£20207)

because B Pz = ¢ + Kpe + K [ edt = s.
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(PID) 5.2.2 H ., Optimality of PID Control Law

1.

Now we are to show the H,., optimality of PID control type for the trajectory tracking systems
by using the control law in Theorem 5.1.

. Consider a general H., performance index (PI) as following form:

t

J(t,x, u,w) = tlim [2\/(3:(15), t) + / (2" Q(z)x + v R(x)u — y*w'w) do| | (124)
—00 0

where

e ()(x) is a state weighting matrix and R(z) a control input weighting,

e 7 means Lo-gain.

. (Refer to Eq. (104)) The HJI equation could be derived from the optimization for ., perfor-

mance index as following form:

. 1
HJI:  P+A"P+PA—PBR'B'"P+—PBB'"P+Q=0. (125)
v
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4. (Theorem 5.2) For a given trajectory tracking system model (113), suppose that 3 an ISS-CLF
V(t,z) in Theorem 5.1. If the PID control law (123) as following form:

u=—R'B"Px (126)
is utilized with conditions

a) a=1
b) p~(|z]) > 1],

then the controller (126) is a solution of the minimization problem for ., performance index
(124) using

Qz) = — (P + ATP 4 PA - PBKBTP) (127)

R(z) = <K+ p_l(‘x’)l>_1. (128)

5]
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5. (Core of proof)

J = lim _2V(x(t)) + /t(:vTQ:U +u” Ru — v*ww) dT]
0

t—00

r t
= lim |2V (z(t)) + / e’ (=P - AP — PA+ PBKB"P)z +u' Ru — v*w'w dT]
0

t—00

r t
— lim |2V (2(t)) — / (:;;T(P + ATP 4+ PA)x + 22T PBu + 2:UTPBw> dr
0

t—00

t t
+/ (:UTPBKBTPJ: + 22T PBu + uTRu) dr + / (QxTPBw — 72wTw) dT]
0 0

t—00

t t
= lim [2V(x(t)) —2 / Vdr + / (u+ R'BYP2)"R(u+ R'B" Px)dr
0 0

! 1 1 "t 1
—y? / (w — =BT Pz)"(w — — B Px)dr — / <p al) _ —2) xTPBBTdeT]
0 g g o \ sl

=2V (z(0)) + / (u+ R'BTPx)"R(u+ R 'BT Px)dr
0

o0 1 \* 1 0 [ p=1 1
— 72/ (w — —25) <w — —23) dr — / (p (=) — —2> |3\2d7
0 v ¥ 0 || ot

< 2V (2(0))
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6. (Remark 5.1) The condition 2 in Theorem 5.2 is the design guideline of function p~!(]x|) to be
H. optimal controller. As a matter of fact, it implies that p~'(|z|) should not be smaller than
at least the magnitude of worst case disturbance. Here, if we choose the magnitude of worst
case disturbance for the function p~'(|z]), in other words, p~'(|z[) = |w*| = =], then the PID
control law (126) recovers fortunately the static gain PID one because the matrix R(x) of
becomes a constant matrix as follows:

-1
R= <K+ %I) : (129)

7. In a viewpoint of an optimal control theory, the magnitude of a state weighting () has the
relation with system errors

To reduce the error |s|, increase K. It will decrease R and produce larger control input.

Notice that K is common term in () and R.

Lo-gain v has no effect on the state weighing (), but it affects the control input weighting
R. In other words, it does not affect the control performance by increasing the robustness
to disturbances.

KK 0 0 L\
Q=] 0 (Kp-2K)K 0 R= <K + —21> (130)
0 0 K K

Approximately, we know that

1
(K% — 2K K o< — Ko — Roc —

K?K o
| fedtf ] &P u?
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(PID) 5.3 Inverse Optimal PID Control

1. In the previous section, the H., optimality of PID controller for the performance index was
shown through Theorems 5.1, 5.2 and Remark 5.1. Here, we define the inverse optimal PID
controller using the static gain one in Remark 5.1 and summarize its design conditions in
following Theorem.

2. (Theorem 5.3) If the inverse optimal PID controller:

1
T=<K—|——2]) <é+er+KI/edt> (131)
8
satisfying next conditions:
a) K >0,Kp>0,K; >0, constant diagonal matrices
b) KI% > 2K],
c)v>0

is applied to the trajectory tracking system model (113), then the closed-loop control system is
extended disturbance input-to-state stable(ISS).
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3. (Core of proof)

V =V, + V,Az + V,Bu + V, Bw

1 .
= 5gcT(P + A"P + PA)x — ' PBR'BPx + 2" PBw

If Young’s inequality z” PBw < %xTPBBTP + +?|w|? is applied, then we have
. 1 . 1
V< §$T(P + ATP + PA)x — " PBR™'BPx + —a' PBB" P + v*|w|’
fy

! 1
— —52"(Q — PBKBP)x — 2" PBR™'BPx + 2" PBB"P + ’[ul’
Y

] 1
= —52"Qu + 52" PBK BPx — 2" PBK BPx + 7w’

1
= —ixT(Q + PBK BT P)x + +*|w|? (132)

since
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4. (Corollary 5.1) The inverse optimal PID controller of (131) exists if and only if the trajectory
tracking system (113) is extended disturbance input-to-state stable (ISS).

5. (Core of proof)

ISS Theorem 5'1> Control Law (119)
Theorem 5.3T lTheorem 5.2
Inverse Optimal PID (131) « H., Optimality

Remark 5.1
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(PID) 5.4 Selection Guidelines for Gains

1. Let us reconsider the extended disturbance of (110) as follows:

2
\w\2= M(Q’d—l—Kpé+K]e)+C(qd—i—er—l—KI/edt>—|—g—|—d

= |MKpé+ MKje+ Cs — Cé+ h|2 (by Schwarz inequality)
< 5|MKpé|> +5|Cef +5|MKe|* +5|Cs|* + 5 |h|°, (133)

where h = M(q)ja + C(q,4)da + 9(q) + d(t).

2. (Theorem 5.4) Let |M(q)| < m, |C(q,q)|] < col4|l, K = kI, Kp = kpl and K; = k;I € R,
Suppose that the tuning variables (v, k) satisfy following condition

Vk

k
- > V104, = % x max (q) (134)

then the gain kp should be confined to the following constraint:

vV (k/+?) — 10c5]q|* 1 Vk
kp < , =  kpo—— (135)
g V10m P m oy
and the gain k; should be confined to the following constraint:
N2 & 10m2j2 3\ 1. /2
by« YEOPAI0mIRR R/ — R/ kp VE (136)
10m? m -y
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3. (Core of proof)

V< —%xT(Q + PBKB'P)x + +*|wl|?
= —% (21 KjKxy + 25(Kp — 2K)Kxo + 23 K3) — %STKS
+ 92 (5IMKpef* + 5|Cél* + 5 [ME el +5(Csf” +5 |hf)
< —% (kkﬂ /edt|2 + k(K% — 2kp)|e)* + k\éP) — %k\s\Q
+7° (5m2/~€% el +5¢51417 [ + 5m®k7 |e|* + 55|41 s* + 5 \hlg)

v/ (k/~%) — 10cg|g)”
V10m
1 V(E/7%)” +10m°ki (k/5) — k/+?

1 ) )
= —§(k — 10’y2m2/€§3 — 107203|q\2)\e\2 = kp <

= 2 2 -1 2,212 2
(k(kp — 2kr) — 10y°*m~k7)|e| = kr < 02

2
— lkki\/edtﬁ
2
1

- §(k —10v°clgP)Is)* = 3 > V10¢|q|
+57°[h)”

e (HW #9) solve problems 5.1 and 5.2
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