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Abstract—This paper addresses the problem of providing a step-response specification, the performance with respec
simple tuning rules for a Two-Degree-of-Freedom (2-DoF) Pl to |oad-disturbance attenuation can be very poor [5]. This
controller (PI;) with robustness considerations. In order to is indeed the situation, for example, for IMC controllers

deal with the well known performance/robustness tradeoff,an that desi di der t ttai desired t-point t
analysis is conducted first that allows the determination of @l @ré designed in order {0 attain a desired set-point to

the lowest closed-loop time constant that guarantees a desii  Output transfer function presenting a sluggish response to
robustness. Simple tuning rules are generated by considery the disturbance [6].
specific values for the Maximum Sensitivity value. These tuing The need to deal with both kind of properties and the
rules, provide all the controller parameters parameterizel in recognition that a control system is, inherently, a system
terms of the open-loop normalized dead-time allowing the wer .
to select a High/Medium/Low robust closed-loop control syem. with Two De_grees-of-Freed_om (ZTDOF) - two Closed-_loop
transfer functions can be adjusted independently -, miatila
the introduction of 2-DoF PI/PID controllers [7]. The point
is that, with a few exceptions such as the AMIGO [8] and
Kappa-Tau;x — 7; [9] methods, no analytical expressions
. INTRODUCTION are provided for all controller parameters (feedback and
Most of the single-loop controllers used in practice aneference part) and, at the same time, ensure a certain
found under the form of a PI/PID controller. Their successbustness degree for the resulting closed-loop. To peovid
is mainly due to its simple structure and meaning of theimple tuning expressions and, at the same time, guarantee
corresponding three parameters. This fact makes PID dontsome degree of robustness are the main contributions of the
easier to understand by the control engineers than otlpaiper.
most advanced control techniques. This fact has motivatedThis second degree of freedom is found on the presented
a continuous research effort to find alternative tuning ariiterature as well as in commercial PID controllers under th
design approaches to improve PI/PID based control systerfdsm of the well known set-point weighting factor (usually
performance. called 3) that ranges withird) < g < 1.0, being the main
Recently, tuning methods based on optimization apurpose of this parameter to avoid excessive proportional
proaches with the aim of ensuring good stability robustnessntrol action when a reference change takes place. There-
have received attention in the literature [1], [2]. Alsoggr fore the use ofust a fractionof the reference.
advances on optimal methods based on stabilizing PIDAs the design is based on a load-disturbance specification,
solutions have been achieved [3], [4]. However these meih-order to improve the resulting step-response performanc
ods, although effective, use to rely on somewhat compléixe available second degree of freedom under the form of
numerical optimization procedures and do not provide tminira set-point weighting factor will be fully included into the
rules. Instead, the tuning of the controller is defined as tlesign. While in [10] just some ad-hoc values are used that
solution of the optimization problem. show that better step response can be obtained, in this work
Among the different approaches, the direct or analytical selection rule is provided on the basis of a desired set-
synthesis constitutes a quite straightforward approa¢h@o point to output transfer function. Therefore providing the
controller tuning. With this respect, the usual approactois full tuning for a 2-DoF PI controller.
specify the desired closed-loop transfer function and teeso  Even the presented procedure can be applied with any
analytically for the feedback controller. In cases where thdesired robustness level, maybe in practice the designer
process model is of simple structure, the resulting coleirol would like to use the robustness parameter on a more
has the PI/PID structure. Most of the analytically devetbpeyjualitative way, having, for example, three choices depend
tuning rules are related with the servo-control problemlevhion the desired degree of robustness: (low, medium, high).
the consideration of the load-disturbance specificaticas HThis is to say the use of a controller with a minimum
received not so much attention. However it is well knowacceptable robustness level (that would be represented by
that if we optimize the closed-loop transfer function fons, = 2.0), a robust controller (that would be represented

. . N , by M, = 1.6) or a highly robust controller (that would be
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The proposedAnalytic Robust Tuning of Two-Degree-
of-Freedom PI controllerd ART5) [12], [13], is aimed at
P(s) () producing a control system that responds fast and without
oscillations to a step load-disturbance, with a maximum
sensitivity lower than a specified value; in order to assure
robustness; and which will also show a fast non-oscillating
response to a set-point step change, not requiring strong or
excessive control effort variationsrooothcontrol).

Fig. 1. 2-DoF Control System.

A. Outline of Controller Design Procedure

based design problem is formulated. Section 3 presents thel'he first step in the Two-Degree-of-Freedom controller
gevelozmenr: of tSe ro_bust ?p_proiicglto Pl de;ign. ISec;ion Asifnthesis consists of obtaining the feedback contrdl|gk),
evoted to the obtention of simple direct tuning rules far t ; ; i .
most usual robustness levels. Section 5 presents com;mr'%&?;nuslfrz? fé?]catli(é)r:e\lé?o?n t?? rgfggﬁse) (:rsr?tl:l)allltg(;y closed !oop
. . : : . . process ismgiv
simulation examples and, finally, on Section 6 conclusions, {he target regulatory transfer functio? ,(s), specified
are conducted as well as an outline of continuing researc, required feedback controller can beydsynthesized. The

resulting feedback controller design equation is
[I. PROBLEM FORMULATION

Consider theTwo-Degree-of-Freedon2-DoF) feedback Cy(s) = P(s) — My(s) R @)
control system of Fig. 1 wherB(s) is the controlled process Y P(s)M] ,(s) M (s) P(s)

transfer function,C,(s) the set-point controller transfer

function,C, (s) thefeedback controlletransfer function, and ~ Once, as a first step, the feedback controllgr(s), is

r(s) the set-pointd(s) the load-disturbance, ang(s) the obtained from 4, on a second step, the set-point controller
controlled variable. The output of the 2-DoF controller i€’-(s) free parameterf) can be used in order to modify the

given by servo control closed-loop transfer functidd,, (s).
u(s) = Cr(s)r(s) = Cy(s)y(s) 1) [1l. TUNING RULES FOR2-DOF P| CONTROL
For a PI, controller [11] it is Consider the First-Order-Plus-Dead-Time (FOPDT) con-
trolled process given by
1 1
=K. - K. (1 2 _Ls
) =Ko (54 72 ) o) - Ko (14 7)ol @ oy o
Cr(s) Cy(5) Ts+1
whereK, is the controller gair7 the integral time constant, WhereX, is the process gairi, the time-constant, and its
and 3 the set-point weighting facton(< 3 < 1). dead-time. From here and aftey, = L/T will be referred
The closed-loop control system response to a change the controlled procesmrmalized dead-timén this work
any of its inputs, will be given by process models with normalized dead-timg < 2 are
’ considered. Processes with long dead-time will need some
kind of dead-time compensation scheme (a Smith predictor,
Cr(s)P(s) P(s) f |
y(s) = r(s) + d(s) (3) forexample).
1+ Cy(s)P(s) 1+ Cy(s)P(s) For the FOPDT process the specified regulatory control
M, (s) Myq(s) target closed-loop transfer function is chosen as
where M, (s) is the transfer function from set-point to pro- Kse—Ls
cess variable: theervo-controlclosed-loop transfer function Méd(s) = (6)

2
or complementary sensitivity functiofi(s); and M,q(s) is (eTs +1)

the one from load-disturbance to process variable:réite and the closed-loop target function selected for the servo-
ulatory control closed-loop transfer function or disturbancegntrol as
sensitivity functionSy(s).

If 8 = 1, all parameters of,.(s) are identical to the . e~ Ls
ones ofC,(s). In such situation, it is impossible to specify My, (s) = e (1)
the dynamic performance of the control system to set- ¢
point changes, independently of the performance to loaghere . will be the dimensionless design parametéris
disturbances changes. Otherwise, if the contrary< 1, the ratio of the closed-loop control system time constant to
given a controlled proces#(s), the feedback controller the controlled process time constant.
Cy(s) can be selected to achieve a target performance forThe specified target closed-loop transfer functions 6 and
the regulatory controlM,4(s), and then use the set-point7 will provide non-oscillating responses to step changes
weighting factor in the set-point controll€éf,(s), to modify in both, the set-point and the load-disturbance, with an
the servo-control performandd,,.(s). adjustable speed.
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A. Controller Parameters therefore, when very fast regulatory control responses are

In order to synthesize the 2-DoF PI controller for th&esired, high controller gain values are required, and the
FOPDT process it is necessary to use a rational functi§fntroller instantaneous output change when the set-point
in s as an approximation of the controlled process deag?@nges may be high. Then the controller output will be
time. This approximation will affect the closed-loop respe limited to be not greater than the total change on the set-
characteristics. Using the Maclaurin first order seriestier PCint and then the set-point weighting factor selectioteda
dead-time becomes

1 7T
“Lsx1-L 8 =min{ —, =1 18
€ s (8) £ = min KT (18)

and 5 and 6 in 4, theé®l, controller tuning equations are

obtained as C. Control System Robustness
2T — T2 + 1, The maximum sensitivit
o= KoKy = 2Tt T ) y
(Te +70)?
1
T, 27, — 712 o M, = Sy = - - 19
n=g = 14:6:7 (10) g 5G] = g 1+Cy(3w)P(Jw)‘ 49

wherex,. andr; are the controllenormalized parameters will be used as an indication of the closed-loop control

In order to assure that the controller parameters 9 anyStém robustness. _ _
10 have positive values, the design parametemust be A robustness analysis has been performed. This analysis
selected within the range shows that the control system maximum sensitivity,

depends of the model normalized dead-timend the design
tefr,.
0<7<1+vI+r 11) barametere.
‘= ° (11) In order to avoid the loss of robustness when a verytow
The resulting regulatory control closed-loop transfercfun is used, it is necessary to establish a lower limit to thisgies

tion is parameter. This relative loss of stability is greater whes t
iy normalized model dead-time, is high.
_ _ Tise The design parameter lower limit for a given robustness
]V[yd(s) 5 (12 . X
K (r.Ts+1) level can be expressed in parameterized form as
B. Set-point Weighting Factor Temin = ki (M) + ko (M,)7, (20)

As the closed-loop transfer functions are related

b .
M, (s) = Cyr(5)M,(s), by using controllet’, (s), M, (s) \X/here thek, andk, are show in Table I.

can be written as TABLE |
K (ﬁT 1) EQUATION 20 CONSTANTS
c is+
Myr(s) = Ts Mya(s) (13) M, | 12 14 16 18 2.0
o k1 | 04836 04152 03441 03254 0.3042

Introducing in 13 the regulatory control closed-loop trans ke | 1.8982 0.9198 0.6659 0.4853 0.3822
fer function 12 and also the controller parameters 9 and 10,
the servo-control transfer function then becomes The design parameter equations (20) can be expressed as

V) (BTis + 1) e-Ls ", a single equation as
r(8) = VT
Y (1cTs+1)? N
M,

As the servo-control target transfer function was specifiedremin = k11 (M) + [%} To (21)
in 7, from 7, 13 and 14 in order to obtain a non-oscillatory 223 s )
response, an adequate selection of the set-point weighting k11 (M) = 1.384 — 1.063 M + 0.262M
factor would be3 = 7.7/T;, and then ko1 (M) = —1.915 4 1.415M, — 0.077 M2

T koo (M) = 4.382 — 7.396 M, + 3.0M?
B =—, 0<7.<1 (15) )
T; Also it can be seen that; as usual; as the system becomes
outside this range slower its robustness increases but if very slow responges a
specified the system robustness starts to decrease, tteerefo
B=1, l<rm.<14+VI+t1, (16) the upper limit of the design parametetsalso needs to be

constrained By combining the design parameter performance

This weighting factor also has influence in the controllegnd robustness constraints it may be selected within thgeran
output when the set-point changes. Effectively, the instan

taneous change on the control signal caused by a sudden max(0.50, Tomin) < 7o < 1.50 + 0.37, (22)
change in the reference signal of magnitulle is given by -
where ..., IS given by (21).
Au, = K.Ae = K.BAr a7
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IV. SIMPLIFIED AUTOTUNING RULES FOR2-DOF Pl
CONTROL

To provide the possibility of specify any possible desire
robustness level within the rang®/, € [1.2 — 2.0] is
of great interest as this provides a complete view of tt
robustness-performandeadeoff and a quantified measure
of how restrictive a robustness level can be depending
the process normalized dead-time. However, from a mc
practical point of view, the following question arises: Whe
a desiredM, = 1.57 will be specified? With this respect,
as theM; value is being recognized asde factostandard
measure of robustness, a, value of 2.0 is recognized
as the minimum acceptable robustness level. This could
considered ow degree of robustness. According to a simila
measure, and in order to make the analysis simplergdium
degree of robustness is associated here With= 1.6 while
a high degree of robustness will correspond 6, = 1.4.
This broad classification allows a qualitative specifiaatid
the control system robustness.

According to this principle, the above mentioned thre
values of M, are used here to generate the correspondi

Computer Scientists 2011 Vol II,

Closed-Loop time constant T Normalized gain K

oM =14
+M =16
xM =20

Normalized integral time T
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Fig. 2. Pl Normalized Parameters for Low, Medium and High &sthess.

By using the full design equations, the controller param-

Eters and achieved robustness for different values of the

Ssired closed-loop time constantare given in Table II.

estimate for the lowest allowable closed-loop time-camsta TABLE I
with 20 and introduce such time -constant value into the EXAMPLE 1 - ART> Pl PARAMETERS

Pl parameter equations (9), (10) and (15). The resulting

controller parameters will be, in this case, expressedijust
terms of the process normalized dead-tirpeas:

« High-Robustness TuningW{, = 1.4)

. _—0.237,+0.64
T 1,40.16
—0.8572 4+ 2.11, + 0.65
S Ty +2.17, + 23)
To + 1
0.97, + 0.4
ﬁ =
Ti
o Medium-Robustness Tuning{; = 1.6)
0177, +0.74
T 1,40.16
—0.4472 + 1. :
S 0.447; +1.857, + 0.6 (24)
To + 1
0.667, + 0.35
ﬁ ==
Ti
« Low-Robustness Tuningl{, = 2.0)
017, +0.86
c  1,40.15
1.127, 4+ 0.16
= 25
T 1037 (25)
03970 +03

Ti

Fig. 2 shows the generated values for a gridp€ [0.1—

Tc K. T; B M

0.6 111 098 0.67 1.75
0.8 086 097 0.82 1.49
1.2 051 097 1.0 1.26
1.4 037 0.89 1.0 1.20

As can be seen from Table II, to increase the control
system robustness is necessary to decrease its speed. The
designer may tackle the design problem in the inverse way,
specifying the control system minimum robustness. Using
the process normalize dead-time & 0.5 for this example)
and equations 20 and 22 the recommended lower limit for the
design parameter to obtain a specified minimum robustness
are estimated and listed in Table IlI.

TABLE Il
DESIGNPARAMETER MINIMUM VALUES

MS 20 18 1.6 1.4 1.2
Temin | 0.5 0567 0.677 0.875 1.433

In order to evaluate the performance of the simple tuning
rules, the corresponding values df¢ are taken. The con-
troller parameters for the complete and autotuning retatio
are shown in Table IV.

TABLE IV
EXAMPLE 1 - Pl PARAMETERS; COMPLETE AND AUTOTUNING
Complete Tuning Autotuning
M2 K. T; 8 K. T;

1.4 0.7914 0.9789 0.8688 0.7955 0.9917 0.8571

2.0] as well as the regression curves that gives rise t0 the Jc  Jogss 07346 0.6864 09924 09333 0.7286

above formulae for the normalized gair ] and integral
time (r;) as well as for the set-point weighting factér

V. EXAMPLES
Consider the FOPDT controlled process
6—0.58

Py(s) = ] (26)
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2:0 1.2547 0.8312 0.5978 1.2462 0.8276 0.5981

Fig. 3 shows the closed-loop time responses for the dif-
ferent controller values. As it can be seen, output response
and control values for the tuning got using the complete
expressions and those got from the simple autotuning ones
cannot be distinguished. Therefore the performance addain
is completely equivalent to that of the full tuning rules.
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Low (solid) Medium (dashed) and High (dash-dot) Robustness A C K N OW L E D G M E N TS
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maximum overshot when very fast responses have been
specified for the regulatory control. However, values large
than 1 may be generated if the system response is too slow.
The resulting tuning can take any desired value féy as
the design parameter and generate, in a parameterized way,

the three controller parameterE {, T; and j3).

On the basis of the general approach, three different
robustness levels are defined corresponding to the Maxi-
mum Sensitivity values ofM; = 1.4, My = 1.6 and
M, = 2.0. Simple tuning rules are generated by considering
these M, values. The resulting autotuning rules provide
all the controller parameters parameterized in terms of the
model normalized dead-time allowing the user to select
for a High/Medium/Low Robust closed-loop system. The
proposed autotuning expressions are therefore compatied wi
other well known tuning rules also conceived with the same
robustness spirit, showing the proposed approach is able to
guarantee the same robustness level with an improvement of
the system time performance.

Current research is conducted on the extension of the
approach to a 2-DoF PID and to introduce alternative ways
of designing the disturbance attenuation characteristics

u(t)
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