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PID design method

« For along time, the development of PID controller design methods has been the goal of the control
community. Despite that manual model-free tuning of controllers is still the most commonly used
PID design method in industry.

« Tuning rules (Ziegler—NichoIs, Lambda tuning, AMIGO method [l], Internal model control, Skogestad’s
SIMC method [2], ... )

Universal relations between model and controller parameters.
- Optimization-based method (MIGO [3], SWORD [4], MATLAB pidTuner )

Treats each process model individually.

[1] Astrom, K.J. and Hagglund, T.: Advanced PID Control. ISA, 2008, ISBN 1-55617-942-1

[2] Skogestad, S. and Grimholt, Ch.: The SIMC Method for Smooth PIDController Tuning. PIDControl in the Third Millennium.Springer. 2012

[3] Astrom, K.J, Panagopoulos, H, Hagglund, T.: Design of PI Controllers based on Non-Convex Optimalization. Automatica, Vol. 34, No. 5, pp. 585-601, 1998.
[4] Garpinger, O.: Analysis and Design of Software-Based Optimal PID Controllers. PhD Thesis, Department of Automatic Control Lund University, 2015.
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There exists no generally accepted
design method for PID conftroller

The design procedures associated with modern control theory (H., , LQG)
provide high order controllers. Practice prefers simple controllers.

LQG or H,,
Demgn
ngh Order Plant High Order Controller
D
Model |recl’rDeSi Controller
i an .
Reduction Reduction
Low Order Plant Low Order Controller
LQG or H.,
Design

Anderson, B.D.O.: Controller Design Moving from Theory to Practice. 1992 Bode Prize Lecture.
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Requirements for effective design
method

- Versatility: It should be applicable to a wide range of systems (i.e.
stable/unstable/non minimal phase/oscillatory process transfer functions)

- Adaptability/Practicality : It should have the possibility to introduce
specifications that capture the essence of real control problems (i.e.
robustness/performonce trade-off, servo/reguldtor problem)

« Clear answer: The method should be robust in the sense that it provides
controller parameters if they exist, or if the specifications cannot be meet an
appropriate diagnosis should be presented
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The general H, Control Problem

P = P(s)
CeC
H  (P,C)

PID H., Designer

{7 )

Given a real rational transfer matrix
called the plant

Searched controller from

the controller space C

The closed-loop performance

or robustness transfer matrix

minimize HHW%(P,C)HOO

subject to (C stabilizes P internally
CeC

In our considered case, H =H__ (P,C)is
a scalar function and it holds

HHH £ sup HHwH2 = sup HZHZ =mae)LX5(H(ja)))

ol , o]
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The H. Control Problem considered

> Wo(s) - —
-—§'—I>[Com pensator C'(s) d
r(t) + +
; > Compensator I—-—:
e(t): i Fu(t)

----------------------------------------------------------

) W, (s)
do(t) |, (WT(S): y’(t)|
—:>(§—c>( p 45 )
(s) >

Find all controllers C' for which it holds
|a, . (P.C)| <7

subject to ¢’ stabilizes P internally
C'=(C )-C eC.

PID comp

+ ('
comp

PID H., Designer o

éré n(t)

The performance or robustness
channel H = H _ (P,C)is a scalar weighting
closed-loop sensitivity function and it holds

RN L SO S
HHHOO Sup sup max ‘H(]w)‘
w#0 H’wHZ w#0 wa2 ®
1 1
(1= 0a] =[5 Cliofao]
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PID,

Designer

The design of the controller and control loop is a crucial
aspect of automation, which is aimed at managing diverse
technological processes and equipment. The proper
configuration of these control elements significantly impacts
the efficiency and effectiveness of the resulting system. The
purpose of this application is to find such a suitable
configuration.

Get Started
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PID H,, Designer (1)

PID H.. Designer is the first advanced easy to used web design tool for the analysis and design of
optimal PI(D) controllers with respect to performance integral criteria IE, IAE, ITAE, ISE and H.,
robustness constraints.

PID H., Designer can be used for a wide range of process models (unstable, non-minimal phase,
oscillating, time-delayed systems, systems of any order, ..) and also for so-called model sets
created from any number of process transfer functions.

Supported design specifications reflect the essence of real control problems. Optimization of
integral criteria IE, ISE, IAE, ITAE under H., constraints is supported for both load disturbance
attenuation and set-point tracking problems).

Designing of PI(D) controller with typical specifications using PID H,, Designer is a routine procedure
that does not require deeper knowledge of control theory from the user.
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PID H., Designer (2)

« With more skills and efforts from the designer it should be possible using PID H.. Designer to design
high performance PID controllers extended with a suitable linear compensator (Cascade Controller,
Resonant Controller, Smith Predictor, Repetitive Control, ).

« PID H., Designer also supports simple process models obtained from popular identification
experiments. Specifically, two- or three-parameter models obtained from the step response of the
process are supported, as well as models obtained from the relay experiment (based on the
knowledge of one point of the frequency response). Moreover, the non-standard moment model set
provided by the PIDMA-autotuner from the company REX Controls is also supported.
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PID H., Designer: Options

Cascade Control

1E, IAE, ISE, ITAE, Ess

Repetitive

Resonant Control

( Iterative Tuning )

Repetitive Control

(N'QtCh Filter Control for Complex Systems

Resonant

PI'O_CESS
Rational TF with time delay

—l>[ Controller

)

@ 1DoF PI/PD/PID) \{
Q Assembled Model)

(EXperfmental /O Data D

(g i Model with Parametric Uncertainty)

Model Set b

Set-Point Tracking Problems One Point of Frequency Response)

Static or Integrating

Feedback

Load Distrubance Attenudtion

Static Gain & One Point of Frequency .Qes,oonse)

Trade-off aaa

Moments of Impulse Response)
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Design Environment

The user can choose between two design environments. Each of them is specifically designed
to accommodate users with different levels of expertise.

-
C«—_) Step By Step

—@®
The environment is intended primarily for
beginners who are working with the tool for
the first time. For these reasons, the design
process is divided into several steps (slides). All
necessary information is then explained in the
individual phases of the design process.

PID H., Designer

t.a WorkSpace

The environment is more suitable for advanced
users who are already familiar with the design
process. This environment also includes a set of
auxiliary functions and settings to streamline the
design and analysis of the solution.
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Designer GUI: Step By Step (1)
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<2  PID H. Designer GUI: Step By Step (2
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Designer GUI: Step By Step (3
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PID H.

Find the Minimum
Gamma Value

Finding the minimum

gamma value for selected

PID H., Designer

design constraints

Designer GUI: WorkSpace

Auxiliary Tools (1)

Multipoint Analysis

Analysis of the obtained
optimal solutions with
possibly of exploration

over the H., region to
achieve the desired
behavior

Performance Criteria
Contour Line

Computing contour
lines of selected
criterion function for
solutions from the H.,
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Multiparametric
Analysis

Analysis of the choice of
the parameter gamma,
kg Or T according to
several characteristics

PID H., Designer

Designer GUI: WorkSpace

Auxiliary Tools (2)

Signal Response

Simulate system
responses for various
types of signals.

Tolerance Circles

Calculation of tolerance
circles of nominal open loop
frequency characteristic in
complex plane according to
selected nominal gamma
value and maximal gamma
value

»

¢ — Constraint

Find the solution that
satisfy selected
amplitude limit € on the
frequency interval
between w, and w,
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PID H., Designer GUI — Systems Editor
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Parameter Plane Formulation of Basic
Pl-Conftroller Demgr Problem

S
Pl- controller Process
t y(t
I’( ) N kp+ki/s P(s) ul:>

H(s,k = [k, ]) £ W(s)S.(s,k), S. € {S,T,8,,8,} oo weighting sensitivity function

[k ] Ja -

1) Find the H_- region K in the k- plane. (See Appendix A for details.)

<y, the closed-loop is stoble} ...... H_-region in the parameter plane

2) Find the optimal PI-controller in the H_- region K with respect to the criterion IAE = j:‘e(t)‘dt

for the step in the reference value r (servo problem) or load disturbance d, (regulator problem).
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Parameter Plane Formulation of Basic
PID-Conftroller Design Problem

PID-controller

5(5)
N
i . e k,+ki/s+k s/(Ts+1)

H(s,k =1k ,k.k,7]) = W(s)5.(s,k), S. e{S T,8.,S } ............................................. weighting sensitivity function

AL RAP D e
k)

Kim = {[k’kz} :

for the fixed k, and ¢

Process
P(s)

<y, the closed-loop is stoble} .. H_-region in the parameter plane k; -k,

1) Choose the derivative gain k, and the time constant z manually or with the help of
a built-in function. (See Appendix B for details.)

2) Find the H, - region K,  inthe k, -k plane.

3) Find the optimal PID-controller in the H_ - region K, . with respect to the criterion TAE £ j:‘e(t)‘dt

[k,pf]
for the step in the reference value r (servo problem) or load disturbance d, (regulator problem).
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H., limitations supported

—>

Wc(s)

u'(t)

HH(S)HOO <7y o ‘H(ja))‘ <y,Vo € [O,oo)

Sensitivity functions (gang of four)
1
1+CP
Weighting functions
W,(s), W, (s), W, (), Wy (s),

S T c P

T =C'PS, 8, =CS, S, =PS

PID H., Designer

Servo problem
(set-point tracking)

r—oe

S| <M,
r—y: HWTTHOO <M,
n—u: HWCSCHOO <M,

@

éfé n(t)

Regulator problem
(load disturbance rejection)
d —y": HWPSPHOO <M,
d —e: HWSSHOO <M,
n—u: HWCSCHOO <M,
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H.-Region in the Parametric Plane k; — k 8

(It contains all Pl controllers that meet the specified H,, limitations)

p

1.5

Boundary of stability domain

¥

Boundary of stability domain

'S

4
H,, - region
3_
H,, - region
«— |E optimal PI controller 2r
1k <— |E optimal PI controllr

0 1 1 L 1 1 1 1 1 0 i - ) . ,
0 005 01 015 02 025 03 035 04 045 05 0 0.5 1 15 2 55

k K

Finding the H_ - region
K £ {k = [ki,kp] - |H s, k)Hw < y, the closed-loop is stoble}

iIs generally a very difficult problem. PID Hinf Designer (Www.pidlob.com) is the first
software tool available to fully address this issue.
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Example of Simple Design specification
of Pl-controller tor FOPDT system

Proces transfer function: P(s) = —

s+1

: 1 k.

Controller transfer function: €, (s) = K[l + T_j =k +—
S S
e , 1
Sensitivity function: S(s) =
Y & = oPe

Weighting function: W.(s)=1
Type of control problem: regulator problem (load step disturbance rejection)
Design specification: IAE = rgin I:‘e(t)‘dt

subject to |S(s)| <M, < |S(jo)| < M, Vo | 0,0)
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PID H., Designer

PID H., Designer

Input :
P(s) = =
s+1
k.
Pl-controller (sz(s) =k + —‘}
S
M, =16
Output :
IE:  k =0463, k =0.509
IAFE : kp =0.565, k =0.438

ITAE : k =0557, k =0.492

Optionaloutput :

ZN Ziegler-Nicols (1942, step response)

SIMC  Skogestad (2012)
AMIGO Hagglund and Astrom (2004)
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More General Formulation of Design Problem

(fully supported by PID H,, Designer)

P= {]31,]32, Pk} model set of transfer functions

PeP process transfer function

CelC,,.Cpp controller transfer function

S = ! , T = cr , S, = cr , S, = P loop sensitivity transfer functions
1+CP 1+CP 1+CP 1+CP

1={IE,IAE,ITAE,ISE| design criterion set

IE 2 j t)dt, TAE 2 H \dt ITAE 2 jt\ \dt ISE 2 j

Iel design criterion selected
W, W, W, W, weightingfunctions

Controller Robust DesignProblem

min max [
C PeP

subject to the H_ limitations
vPeP: |[WsS| <M, <M.,

W,S,| <M,
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Example of Design Specification of Robust
Pl-controller for Process Model Set

Proces model set:
Controller transfer function:

Sensitivity functions:

Weighting functions:
Type of control problem:

Design specification:

P2ip(s)= 2—0.02165 +0.0031 g 0100 P(s) = 2—0.01743 + 0.0046 01665
\ s” +0.457s + 0.0868 s* +0.5978s + 0.0445
1 k.
CPI(S) = K[l—i_ﬂj = kp +?
1 )
S.(s) = ,1=1,2
1+C, (s)PZ(s)
Wi(s)=11i=12

regulator problem (load step disturbance rejection)

min max we.(t)|dt
Cpp iefl2} J0 17

subject to ||S.(s)| <M, i=1..2 < [S(jo)|<M,i=12 Voe|0,x)

PID H., Designer
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PID H., Designer

Input :

P(s) = 2—0.02163 +0.031 01665
s” +0.457s + 0.0868

Pz(s) _ 2_0.01743 + 00445 6_0'1668
s +0.5978s + 0.0445

k.

Cp(s)=k + ?

M,=1.6

Output :

IE : k, =6.313, k =0.8704

IAE : k, =6.313, k =0.8704
ITAE : k, =6.313, k =0.8704

Hinf Region's
ak
i IE =IAETAE
_‘-
1
u.
'II.
4
i i i i i i i i i
a1 6 @3 Q4 &% de 87 QB 0%
0
Slep Response/s of Closed Loop
12
I E SN
b m a0 B B T T
Time (5)

»

Nyquist/s of Open Loop

2 lls i r-.: :I- :.!. 1 1.5.
He
Responsels 1o Input Step Disturbance

PID H., Designer
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Conclusion (1)

PID H. Designer is the first advanced easy to used web design tool for the analysis and design of
optimal PI(D) controllers with respect to performance integral criteria |E, IAE, ITAE and H., robustness
constraints.

PID H,, Designer can be used for a wide range of process models (unstable, non-minimal phase,
oscillating, fime-delayed systems, systems of any order, ...) and also for so-called model sets created
from any number of process tfransfer functions.

PID H,, Designer provide a new explicit algorithm to determine the H,.- regions in the parameter plane
of Pl controller for all commonly used H,, limitations of the weighted sensitivity functions.

PID H,, Designer also supports simple process models obtained from popular identification experiments.
Specifically, two- or three-parameter models obtained from the step response of the process are
supported, as well as models obtained from the relay experiment (based on the knowledge of one
frequency point). Moreover, the non-standard moment model set provided by the PIDMA-autotuner
from the company REX Conftrols is also supported.
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Conclusion (2)

» Designing of PI(D) controller with typical specifications using PID H,, Designer is a routine procedure
that does not require deeper knowledge of control theory from the user.

« With more skills and efforts from the designer it should be possible to design high performance PID
controllers extended with any linear compensator suitable (Resonant Controller, Smith predictor,

Repetitive Conftral, ...).

* More details about the affine-structured controller in Semi-Plenary Lecture or in white paper
~Analytical Design of a Wide Class of Controllers with Two Tunable Parameters Based on H,,

Specifications"

Semi-Plenary Lecture H., Affine Controller
Process Control 2023 White Paper
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Appendix A: Isolation of H.-Region (1)

For more details see: Schlegel M, Medvecova P, Design of Pl Controllers : H.. Region Approach.
IFAC PapersOnLine 51-6 (2018), 13-17.

Proposition: If C(s,k) =k +—, k=[k,k |, P(s) has no poles on the imaginary axis, and the design
S

specification is

1 S (s,k) .
1 <y = MS # 1,
1+ C(s,k)P(s) S,(s,k)||

then the boundary of the H_-region K is contained in the solutions of the two systems of equations

56541, =

0

0

() 8,k =0 i)y [SGewk)| =
S o],

The system of equations (l) has a solution k£,=0, i.e. any point on the axis £ is a solution

of this system. The solution of the system (ii) is determined by the parametric curves

PID H., Designer . www.pidlab.com
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Appendix A (2)

k’, _ l’i(!)7
M
25 2 2\2 2 2 2 2 2 W < [O,oo),
P (A" +B°) +5. M (0(-A"B, +2AAB+B°B))+ B(A" + B")) + o (M - 1)(AA +BBI)7
’ oM?(2ABB, + A’A - AB”)

where A, A, B, B, are the functions of o defined by
P(jo) = A(w) + jB(w) = A+ jB,

de(ja)):AK )+ jB(w) = A + B,

and z,i=1,..l(w), (o) € {O, 2,4} are the frequency dependent real roots of quartic polynomial

az' +b2x’ +cx’ +dr+e=0

with the real frequency dependent coefficients
a=(A*+DB*)",
b=2MA* + B*)’(~wB A’ + 20BAA, + oB’B, + BA* + B*),

~(A? + B*)(2wA A® + 40A’BB M? + 20A*BB, — 0’ A*B?M? — 0* A*A*M? — A*B*M? — 80AA B*M? +

+20AAB? - 0* A’ B*M? - B*M? + 20B’B, - @*B*B*M? — 40B’B M?),

d = 20M (~0A’B*M? - oA’ A*BM? - 2AA B°M? — 0A*BB*M? + A>B*BM? — B*BM? — 0B B>M? +

+3wAAB’B — wA’BB’ + AAB’ + 20A’A’B + oB’B} — 0A’AB, + A’B’B, + A’AB + B*B)),
e = -’ (M2 —1)(~A’B*M? — B*B*M? + 2AA BB, + B*B* + A*A?).

PID H., Designer @
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Appendix A (3)

The curves representing the solutions of systems (i) and (ii) divide the parametric plane into

regions. From them, it is necessary to select those that meet the design specifications. For this
purpose, it is sufficient to test only one point of the respective region.

All Curves
T
10 |

Legend
Sys1, w/o0, w/o, S, 2.8 - EQU(i)-k_p axis
Sys1, w/o, w/o, S, 2.8 - EQU(ii)-Roots_1
St 1 Sys1, w/o, w/o, S, 2.8 - EQU(ii)-Roots_2
Sys1, w/o0, w/o, S, 2.8 - EQU(ii)-Roots_3
Sys1, w/o, w/o, S, 2.8 -EQU(ii)-Roots_4

Example: H_- region for unstable process:

s +4s* —s+1

$ + 25" +325° + 145 — 45+ 50 of
C(s,k)=Fk +-+ . HS(s, k)Hw < 2.8 and
’ | 5 | closed loop is stable
|S(s. k)| = <M, =28
> |1+ C(s,k)P(s) o}

PID H., Designer @ www.pidlab.com
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Appendix A (4)

Multi-Gamma Analysis

WorkSpace — Auxiliary Tools — 25 ; ; o TR i
—  Multiparametric Analysis
2 -
Example : H_ - region for unstable process: .| :
3 2
sT+4s" —s+1
P(S) s 4 3 2 ’ 1k ¢
s” +2s +325 +14s" —4s+ 50
k. 9
C(S,k)Ikp+—Z 0s |- 5
S
Iste0l. = | —gpm| <M ! .
= |1+ C(s,k)P(s)|
M, €{2.6,2.7,2.8] ]
‘18 5 1‘9 1915 ;0 Z‘OLS 211 2115 ;? ?;5 23
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Appendix B: Selection of k; and t

It is recommended to start with the ideal PID controller (z = 0). If there exists a Pl controller for the
given design specification with parameters & ,k,, (Tz.=kp//<:i ), then it is recommended to estimate

'IP,

&) .

optimal %, in the interval [O.Zkz/k. ,0.3k2/k.] manually or with the help of GUI build-in function &
P ) P i

Manual iterative optimization

Optimal
How to choose kd

kd value?

Estimate around
initial value (¥20%)

One-parameter
optimization

Do you want to
use some
initial estimate?

Estimation on interval
according to Pl controller

PID H., Designer @ www.pidlab.com
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Appendix C: Pl

Parametric Uncertainty (P.U.)

D H,, Designer GUI —

‘MumDen Coslfs

_Numeratos

P

Denominator
U2y s 2eui3) s+ {2)

Benerating Outer Systems of a Model with Parametric Uncertainty

Specily The numerabors and denominators of B2 sl funchion of the conirofied system with parametry ===t
value of 3 specific paramater i uncertain, reptace i with the kether “u”® or u[B) if thers are mose unknimn o
the time dedsy of the comrofied sysiem can &lso be 5=t &5 &0 unceran paramster

Time Delay

Value

Order of Pade
approcimation
i

Next =

Define uncertain
parameter/s in TF

»i

Specify the type
of uncertainty
and ifs
parameters

Generating Outer Systems of a Model with Parametric Uncertainty
For gdch of the untetin parymEEg ol B st ler Dot tiom of the contnslled $.|l$1H|'|.:'! S nisCESSaTY B0 Slee] il nomingd v
and vaniaton
Use ko design the Smith Predictar;
Variation Type ﬁé}cueﬁtég_é 1'5] ¥
' 7]
Pls) = - I - : - =
”}r + HJ" + Hz ar armwley Srna TEURS Al S .l.'l
ul 1 10
u2 1.5 3
[#= us 26 5
< Back Generate Cancel

»
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Appendix D: PID H,, Designer GUI —
Experimental Model Set (E.M.S.)

Select type of model set
\ _ i 7 = e W Model set
Generating a Value Set Boundary of a Model Set parameters
Select Appmﬂh Generate systems of the mode! set described by the QEFEWW/
K 1! gh2

@ One point of the frequency response 1 % 1 %] 0.6 % Number of
mogdel set systems on the
— ‘ n _ Property # curve of value
ﬁ Static gain and one point 5 % | Static ¥ | 10 *E] - set of model set
h

of the frequency response model set

T o w [rad/s]
PIDMA oment model set a .
| 3 T] [ @) Show Region *\ Plot the value
' ' — set at frequency
omega

Cancel

| Generate ] | Cancel |

Maximal order of system

www.pidlab.com
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Time samples

A user must use
the clipboard
function which is
integrated into
the window
manager to enter
Input/Output
data. This tool is
accessible
through the
conftrol panel on
the left side of the
screen.

PID H., Designer

Appendix E: Pl

System Identfification (1)

D H,,

Designer GUI -

1#0 Peocess st

I is necessary o obtan
Enpeerme il dals by
detarming the moded af

rreeatigied pyasem, Thes date
represemis & sequence of hme

The

1B B irgult! oul
valies. 1 is adveable o

hoads 4 usil S1ep fufclos a8
test inpuis. Insering indeidual

data aimayy ko the

apgM oiahe b b nealized

il & Cliphcdnd

Example

i Clear Table

10 poirl Assagremesid

e I
[
L R]
..
240

35
]
5]
28 ]
b5
B
e ]
[N o)
LN
1,503
1.5
1.0
18R
| a3
1.5
1.533
188
(K
1. w33

1.0

bl

14

]

(]

L]

1]

L}

11}

L}

1]

L}

i 1
¥ 1]
¥ 1]
i L]
o 1
i L]
i 13
1 1]
' 149
L]

J] k]
o W
o 149
13

= . I . 1

o L

»

Input data
samples

System output
samples
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Appendix E: Pl

D H,,

Designher GUI -

System Idenfification (2)

Talaci the parl of the 110 dala which pou wenl 10 e hae idenlibcation

Select part of

[/O data to
identification

PID H., Designer
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Appendix E: Pl

D H.,

Designher GUI -

System Identification (3)

Type of
identified
model Wode! Design
atent fad Peadie Cypes
ity Sauand Qrohed Pis D 11 r
@ ——)
Identified
parameters of i
model aaEs
25302
o [ = Y
»
Run wpe . Estmale
identification
Relne
Trasads) hanction
Run
additional _
numerical - Kuw L
o~ Pi=) 5
fiting + 2ws +u

System Identification

b4 Aectual Wodsls

M &l

=
=

T T T T e T
EOPOT
1 -_
DR0PO s
i
L=,
Synleme
koo ® [al"20)
il Deas "rl::
T 7 P
i T
BEOET made Lek 034404
1 ! - - W, 0 ST
" T B " I §430d

PID H., Designer
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Identified
model types

Delete selected
actual model/s

Hide selected
actual model/s
response/s

Queue of
models for
importing to
the System
Editor

Queue models
editing

Add selected/new
model/s to the
queue
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Appendix F: Application Examples
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Magnetic Levitation System

T, =1, Foy—attraction force of the upper electromagnet [N], T
. F s F | Fompo—attraction force of the lower electromagnet [N], 53, Xy p——
=TT m F,—force of gravity [N], = 4
1 g—acceleration of gravity—9.81 [m/s?] = e
T, = (kiul +c — 903) m—mass of ball—0.0571 [kg], /N ;
(@) u,—electric voltage of the upper coil—<u,,, 1, 3
i - 1 ( ku, +c - x4) Urnin = 0.00498 [V], | L
flz, —=z) u,—electric voltage of the lower coil—<u, ., 1> [V], B, r,
Xq—distance between the magnets minus the ball
diameter—defined by user [m], X| \/
where x,—distance from the upper magnet to ball v t———'f'_
N R —<0,0.016> [m], == i
e =3 © x,—linear speed of the ball [m/s] ity, x4 EM2
i b X;—coil current of the upper electromagnet
o %6_ ﬁ —<limin 2.38, .
em?2 4 F i = 0.03884 [A], c, =0.0242 [A] fpy =1.4142x107 [ms]
B X,—coil current of the lower electromagnet F . =17521x107 [H] fpy =4.5626x107° [M]
flz) = %e fiv: —<imin, 238> [A] F . =58231x102[H] & =2.5165[A]
P2

PID H., Designer @ www.pidlab.com


http://www.pidlab.com/

»

Magnetic Levitation System: Linear Model
Sef

Transfer Functions from ui to x1 (u2=0)

—2.0893e4

P(s) = : r =8
) = 1862891 5 — 1684763 -5 — 3 135des G = Slma])
P,(s) = — 2 7277ed " (2, = 10[smm))
&+ 288.7746 - 5> — 1.6847¢3 - 5 — 4.8649¢5
P3(S) = _3.561164 (561 = 12[111111])

S+ A47.6417 - > —1.6847¢3 - s — 7.5413€5

[ML1] Hypiusova M., Kozdkova A.: Robust PID Controller Design for the Magnetric Levitation
System: Frequency ngoin Approach. 21st International Conference on Process Control
(PC), June 6-9, 2017, Strbské Pleso, Slovakia
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PID H.

D . Hinf Region/s #2 - Nyquist/s of Open Loop
esigner L BiEg e 1T |
g 51.5 T
Input : - : Mt o
, s=2.
Model Set: {P,P,, P} o =y
Design specification: X B
IAE :
2DOF PID controller L] 1 e
Setpoint tracking, IAE e w w0 wm m w o - : | 0 | :
k Re
< < '
M, <20, M, <17 __ #3-StepResponse/sof Closedloop _  _ #4-Response/s o npulStep Disturbance _
il i}
OUtpUt . ol | voes
kp = —5195 gn& ] _Eg 0.01
k = -59.07 £ouf {00}
- 0z 002
k, =-3.63
b=0.5 ¢=0.0 4 . . . | 25 Wl (AR Rt R RN R USRS H RS
o 03 1 15 i 15 o 05 1 1.5 2 25 k| a5
Time {5} Time {5)
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Comparison with the PID-controller proposed in [MLT1]

1Hinf Region/s . | __#2- Nyquist/s of Open Loop
; | PID H. Designer;
I | 2DOF PID - controller
o - k =-51.95
a5 | k= —59.07
a— e k = -3.63
W8-S Fgespans:;s of ClosedLoop #4 - Responsels 1o ,:;_“ Step Disturbance b=0.5 ¢c=0.0
A | N E—
i e ] IDOF PID - controller
| 2. | b =-33.27
| k. = —61.04
" | L | k, = —4.532
D | ' '"'"':[‘5] ‘ 5 D 1 2 3 TH:'EIEJ ’ ﬁ J B
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Longitudinal motion of F4E fighter aircraft

We consider a model of the longitudinal motion of an Elevators,
FAE fighter aircraft [LM1], [LM2]. The input is the elevator Thrust RN e
position, the output is the pitch rate, and the system is
linearized around four representative flight conditions: ~ Angle of Allack ( a
Z' . \ . - - S '\ l was
P(s) = b(s) , 1=1,..4. - Pitch Angle

ai(s) Velocity(Airspeed) Veclor
Mach 05, 5000 ft: d'(s) = —-52.75 + 22.00s + 15.84s” + s*, b'(s) = —163.8 —185.4s
Mach 0.85, 5000 ft: o (s) = —122.5+34.935 + 17.125% + 5°,  b*(s) = —789.1— 507 8s
Mach 0.9, 35000 ft: a’(s) = -14.64 +17.51s +15.33s* +5°,  b'(s) = -101.8 —158.3s

Mach 1.5, 35000 ft: a*(s) = 269.1+43.60s +15.74s” +5°,  b*(s) = —251.4 - 304.2s

[LM1] J. Ackermann. Robust Control Systems with Uncertain Physical Parameters. Springer Verlag, Berlin, 1993.
[LM2] Henrion D, Sebek M. Kucera V.: Positive polynomials and robust stabilizationwith fixed - order
controllers. IEEE Trans. Automatic Control AC-48 (2003),7.
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PID H.,
Designer

Input :

Model Set: {B,P,, P, P,

Design specification:
2DOF Pl controller
Setpoint tracking, IAE
M, <14

Output :

kp =—-0.25

k =-0.64

1

bh=0.0, c=0.0

024 ¥
026+
0 28 =
03t
o332t
034t
036+
038

D4k

Hinf Region/s

»
|AE

065 06 05 05 045 L4 035 03 45 02

k

#3 - Step Response/s of Closed Loop

PID H., Designer

Ao tugle

»

#2 - Nyquist/s of Open Loop

i

1.5 F

N —

Ms=1 .4

0.5

0 +
0.5

.|-

1.5

1 -

3 15 v 1.5 ] 0.5 0 0.5
Re
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PID H.,
Designer
Input :
Model Set: {}?1,}92,}?3,3}
Design specification:
2DOF PID controller

Setpoint tracking, IE
M,<14, M_ <14

S
Output :
k =-3.12
b
k. =—-13.63
k, =-0.06
b=04, c=0.6

= =
o o
T

Amplitude
=
.

Hinf Region/s [ ™mE c
k
» |E
-14 14 10 & & 4 b 1]
k

#3 - Step Response/s of Closed Loop

Amplitude

»

#2 - Nyquist/s of Open Loop

425

4.3

.35

M1=1.4

#4 - Response/s to Input Step Disturbance

05 1 1.5 2 25 3 35
Time ()
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Comparison with the P-controller proposed in [LM2]

Hinf FtEgilIJnfs .'2 - Nyquist/s nflﬂpen Loop
i HSKe PID H, Designer;
2DOF PID - controller
= alfIE kp =-3.12
al k. =-13.63
5| k, =-0.06
R [t ° : b=04, c=0.6
#3 - Step Response/s of Closed Loop : #4 - Response/s to Input Step Disturbance
r—_ HSK [LM2]; e
£ o4 % P - controller
ﬁf—— 1 27 k, = —0.8698
02 s}
: : : Flmll:}llsj : : I: -J : llml:I::] : e
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Benchmark Problem for Robust Conftrol

»

Wie, B. and D.S. Bernstein (1990). A benchmark problem for robust control design. In: Proc.

American Control Conference. San Diego, CA, USA. pp. 961-962.

X —
X | X2=Y
U Kk
— W2
Wi —\/\/— —

T, 0 0 1 0]z, 0 0 0
T, 0 0 0 1]|=z, 0 0 0 || w,
= + u +
z, | |=k/m,  k/m 0 Ol =z, | |I/m, I/m 0 ||w,
T, | | k:/m2 —]f/m2 0 0] 7, | |0 0 l/mz_
k k
P (s,k)z{ : ke|0.5,2 } —  P(s,k, &) = , £—>0
’ s*(s* + 2k) [ } 3(52 + 25@ -5+ Zk)
T \J
2 1 2 1 1 1
PD ( k = k,k, = kp) «— PI ( k k.)
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PID H.,
Designer

Input :
Model Set: {P P P}

1772773

P(s) = P(s,0.5,0.1),

1

P,(s) = P(s,1.0,0.1),

2

P(s) = P(s,2.0,0.1).

3
Design specification:

IDOF PI + compensator F(s)

2

QZ
FO=| 2
(s +26Q5+Q )
Q=09 £=07

Setpoint tracking, IE
M, <14, M, <1.05

Output :
k, = 0.2586

k. =0.001413
b=0.0

PID H., Designer

Hinf Region/s

»

#2 - Nyquist/s of Open Loop

Im
(=)

T

\MT=] .04
Ms=1.6

/.

#3 - Step Response/s of Closed Loop

1.5 dl 0.5 a 0.5 1 15 z

Re

#4 - Amplitude Frequency Response/s

-
o
1

= =
Pt -
T T

e e AT T

—

Magnitude [abs)

10? 10® 107 [k
Frequency (rad/s)
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PID Conftroller Design using One Freguency Point

o SCHLEGEL, M.: Novy pristup k robustnimu ndvrhu prdmyslovych reguldtord. Habilitaéni prace, Zdpadoceskd
univerzita v Plzni, 2000. https://www.schlegel.zcu.cz/downloads.php2¢lng=eng

o SCHLEGEL, M.: Exact Revision of the Ziegler-Nichols Frequency Response Method. In Proceedings of the
IASTED International Conference Conftrol and Application, Cancun, Mexico, 2002, p. 121-126. ISBN

088986330X, ISSN 1025-8973 .

Definition (One Point Model Set). We are given one disturbance free sample of the plant frequency
responce F,o, and d fixed n € {2,..,}. A plant model P(s) is an element of the plant family 5" (£, o, )
if it is consistent with the two following conditions:

(i) (A priori Hyposisis)

16 7
1
Pls)=——, 1
)= 2 : -
where p(s), deg(p(s)) < n, is a polynomial with real ! v 2

nonnegative coeficients, and all roots of p(s) lie in
the interval (—oo,O:l.

(i) (Experimental Data Interpolation)
P(jo)=F

1?

— 27 < arg P(jo,) < 0.

PID H., Designer @ www.pidlab.com


http://www.pidlab.com/

PID H., Designer

Main ldea of Solution

model set of dimension n-2 value set of dimension 2

S" F.o). F(F, 0;0)
%) by s e

ultimate members

Only ultimate members of the unfalsified plant family
can play an active role in the Nyquist curve
constraints.

(54

»
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PID H.,
Designer

Input :
Model Set:
S (F,@,),
n=10,F =¥, o =
Design specification:
2DOF PI controller
Setpoint tracking, IE
M,<14,M, <14

Output :

k =0.37
p

k. =0.091

b=0.3

PID H., Designer

04
0.35
03
025

0.15
o1

0.05

1

r

Hinf Region/s

0 001 002 003 004 005 006 007 008 009 Q1
k

#3 - Step Response/s of Closed Loop

Time (5}

»

#2 - Nyquist/s of Open Loop

M1=1 .4

s=1.4

#4 - Response/s 1o Input Step Disturbance

&l T a0

Time (s}
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PID-Autotuner PIDMA

o SCHLEGEL M.: Novy pristup k robustnimu navrhu prdmyslovych reguldtord. Habilitaéni prace, Zdpadoceskd
univerzita v Plzni, 2000. https://www.schlegel.zcu.cz/downloads.php?ing=eng

o SCHLEGEL M., VecCerek O.: Robust design of Smith predictive confroller for moment model set . Proceedings
of the 16th IFAC World Congress, p. 427-432, Elsevier, Oxford, 2006.

o SCHLEGEL M., BALDA P., STETINA M.. Robustni PID autotuner: momentovd metoda. Automatizace,
46(4):242-246, 2003.

Definition ( (x,u4,06”) - Model Set). We are given the first three moments m,,m ,m, of the process impulse
response h(t) and fixed n e {2,..,oo}. A transfer function P(s) is an element of the plant family S (K, U, 02)

if it is consistent with the two following conditions:

(i) (A priori Hyposisis) (i) (Experimental Data)
1 o
Pls)=——, m, = | t'h(t)dt, i=0,1,2,
()=t -,
where p(s), deg(p(s)) < n, is a polynomial with real K=m,,
nonnegative coeficients, and all roots of p(s) lie in U= ml/mo,
the interval (—oo,O]. o’ = mz/m1 — mf/mg
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PID H.,
Designer

Input :

Model Set:
SH:— (K7ILI7O-2)7
n=20,xk=1u=10" =06

Design specification:
2DOF PID controller
Setpoint tracking, IE
M,<1.6,M, <1.1

Output :

k =2.587

k =4.311

k, =025
b=08, c=1

PID H., Designer

Hinf Region/s

25 ITE ]
2t ]
15F
1k
0.5
ol
05 .

0 0.3 1 1.5 i 1.5 3 k §. 4 45

#3 - Step Response/s of Closed Loop

im

Magnitude (abs)

= = o

#2 - Nyquist/s of Open Loop

b | M a1

=
B
T

z
S
h

1w 10? 10° 10¢
Frequency {rad/s)

10

»
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