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Modified Relay Feedback Approach for Controller Tuning Based on Assessment
of Gain and Phase Margins

Jyh-Cheng Jeng, Hsiao-Ping Huang,* and Feng-Yi Lin

Department of Chemical Engineering, National Taiwan démsity, Taipei 106, Taiwan

A relay feedback based method for tuning a PI/PID (proportioirdegral-derivative) controller with an
assessment of gain and phase margins is proposed. The proposed method estimates the gain and phase margins
of an existing control system by a modified relay feedback scheme, where a delay element is embedded
between the relay and controller. The gain and phase margins of a control system are used to assess the
control performance. When the controller is found not in good performance, the proposed method is then
applied to retune the PI/PID controller based on gain- and phase-margin specifications. Simulation results
have shown that the proposed method is effective for processes with different kinds of dynamics and for
multiloop systems.

1. Introduction be free of the tedious modeling and computation procedures

The proportionatintegral-derivative (PID) controller is  aforementioned, Astra and Hgglund® used relay feedback for
widely used in chemical process industries because of its simpleautomatic tuning of PID controllers with specification on either
structure and robustness to modeling error. Despite the fact thatgain margin or phase margin, but it cannot achieve both
numerous PI/PID tuning methods have been provided in the specifications simultaneously. Some approximate analytical PI/
literature, many control loops are still found to perform podrly.  PID tuning formulas have been derived to achieve the specified
Therefore, regular performance assessment and controller tuningi@in and phase margifid? Most of them use simplified models
are necessary. In process control, minimum variance has beerpuch as the FOPDT model or the second-order plus dead-time
used as a benchmark for assessing the closed-loop performanc€SOPDT) model. For processes with more complicated dynam-
for decaded.The other approach to assess the performance isics, the resulting control systems may not be able to achieve
based on the system’s dynamic characteristics. Along this second/ser-specified gain and phase margins exactly. Ho ét al.
approach, gain and phase margins have been served as importagxtended the earlier work of Ho et %for tuning of multiloop
measures of performance and robustness in single-irgiule- PID controllers based on gain- and phase-margin specifications.
output (SISO) systems. It is known from classical control theory  In this paper, a method for controller tuning with assessment
that the phase margin is related to the damping of the systemof gain and phase margins based on a modified relay feedback
and that the error-based performance indices are related to thestest is proposed. This modified relay feedback embeds an
stability marging® For the multiloop control of a multiinput- additional delay between the relay and controller. The gain and
multioutput (MIMO) system, gain and phase margins can also phase margins are used to assess the performance and robustness
be defined in the similar spirit as for a SISO system based on of the control systems which have unknown controller param-
the effective open-loop process (EGPjraditionally, under the eters and process dynamics. For multiloop systems, the modified
assumption that the process model and controller parameterdelay tests are conducted in a sequential manner to estimate the
are known, the gain and phase margins are obtained by solvinggain and phase margins of each loop. The estimated results can
nonlinear equations numerically or by graphical, trial-and-error be used to indicate the appropriateness of the controller param-
use of Bode’ plots. Because calculation of gain and phase éters. When the retuning of a controller is found necessary, a
margins in such ways is very tedious, Ho and co-worlkers similar procedure can be applied to tune the PI/PID controller
derived approximate analytical formulas to compute gain and based on the user-specified gain and phase margins, where pro-
phase margins of PI/PID control systems using a first-order plus cess models are not required. In this way, performance assessment
dead-time (FOPDT) process model. However, the assumptionand controller retuning can be done with the same approach,
is not practical because the process model and controller settinggvhich ensures a good performance of the control system.
may be unknown at the stage of performing the performance This paper is organized as follows. Section 2 describes the
assessment. Thus, it is desirable to find a procedure for proposed modified relay feedback structure. Procedures for
estimation of gain and phase margins. Recently, Ma and Zhu performance assessment and controller design are presented in
proposed a performance assessment procedure for a SIScpections 3 and 4, respectively. Section 5 extends the methods
system based on modified relay feedback. Gain and phaseto multiloop control systems. Simulation examples follow in
margins are estimated by two relay tests, where an ideal re|ayS€Cti0n 6 to demonstrate the procedures and effectiveness of
is used for the first test and a relay with hysteresis is used for the proposed methods. Conclusions are drawn in Section 7.
the other. Because of a linear assumption about the amplitude
of the limit cycle, their method may not give accurate results 2. Modified Relay Feedback Structure
for processes with more complex dynamics such as a process
with right-half-plane (RHP) zero and oscillatory modes.

Controller designs to satisfy gain- and phase-margin speci-
fications are well-accepted in practice for classical control. To

The use of relay feedback for automatic tuning of PID
controllers was first proposed by Astmoand Haglund? The
block diagram of the standard relay feedback system is as shown
in Figure 1a. The system generates a continuos cycling if it has
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Figure 1. (a) Standard relay feedback system; (b) modified relay feedback
system.
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27 ) Figure 2. Estimation of gain and phase margins.
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P, In this section, a systematic procedure that can estimate gain

and phase margins of a completely unknown system by the

From the describing function approximation, the ultimate gain proposed modified relay feedback test is presented to assess

can be approximately given by the performance of the control system.
ah 3.1. Estimation of Gain Margin. Consider the modified relay
K,= —a (2) feedback system as shown in Figure 1b. For the estimation of

gain margin, by setting\ as zero, the frequency known as phase
crossover frequencyyp, which has a phase lag is required.
Let the loop transfer function B8 p(s) = G¢(s)G(s). The system
starts to oscillate and then attain a limit cycle. The oscillating

whereh is the relay output magnitude ardis the amplitude
of the limit cycle. In other words, one point, i.e., the critical

int, on the Nyquist f th be obtained f o ; . .
tphoénreg; feidgggllste%:rve Ot the process can be obtained from point is the intersection of the Nyquist curve ®fp(s) and the

For the purpose of performance assessment, a modified relafl_‘;gati;]’e real axis in tl;e complex ?Iane, aSbShOV‘l'n iln Fié]l;)re 2.
feedback structure is proposed as shown in Figure 1b, where elp ase_cmzj/ioverh rquencytfqp(s) .czn fehcal_cu.ate | y
G¢, G, u, andy are the controller, process, relay output, and €q 1 aswp = 2m/lp, Wnerery IS t '€ period o ,t 1€ imit cycle.
process output, respectively. Moreover, a delay element, e In addition, using the approximation of describing function, the

is embedded between the relay and the controller. Notice that@MPlitude ofGie(s) can be calculated by eq 2 &5ip(jwp)| =
the insertion of additional delay was also studied in some ;za/4h. However, the accuracy of such an approxmatllon IS poor
conventional relay feedback systems to estimate process freN SOME CaSes Whgre t.he error may be as large as'26%r
guency responses at different frequenéfed? But, in these more accurate es_t'matl'g'TG“’(prN can be computed based
studies, the PID controller was disconnected and isolated from ©" Fourier analysis as

the relay feedback loop. Compared with the conventional relay

P —jwpt
feedback, the most important features of this modified structure . B |f Py(t) e
are that the controller is always in line with the process with an GLp(iwp)l = Py ot 3)
additional delay being embedded. Because of the first feature, |f u(t) e U

the gain and phase margins can be obtained. In contrast, the
conventional relay feedback gives only the ultimate gain and
ultimate period regarding the open-loop process. Besides, the A, = 1/|GLP(jwp)| (4)
inserted additional delay is used to obtain other points (other

than the critical point) on the Nyquist curve, which are helpful 3.2, Estimation of Phase Margin.When the estimation of
for the estimation of phase margin. Even though other points gain margin is finished, the delay is then set as a nonzero
on the Nyquist curve can also be obtained by inserting other value in order to extract the frequency informatiorGaf(s) at
elements or by relay with hysteresi&!>this proposed structure  some frequency other tham, for the estimation of phase
can ensure the existence of a limit cycle even for a low-order margin. With a given value ofA, assume that the system
process without time delay. As a result, it can assess the oscillates with a period d?, and then we have the phase of the
performance of an existing closed-loop system by estimation system as

of its gain and phase margins, as presented in the following

section, to determine if a retuning of the controller is necessary. arg G p(jw) €} = arg{G p(jw)} — Aw = -z (5)

Therefore, the gain margidy,, can be estimated as

3. Performance Assessment wherew = 27/P. To calculate the phase margin, the desired
As has been mentioned, gain and phase margins are goodrequency is the gain crossover frequeney, of G_p(s), which

measures for the performance and robustness of control systemss the intersection of the Nyquist curve Gfp(s) and the unit

However, without any information about the controller and circle in the complex plane, as shown in Figure 2. The desired

process, it is impossible to calculate the gain and phase marginsvalue ofA that makes the amplitude & p(jog) equal unity is

by solving equations analytically, numerically, or graphically. denotedAq, and the period of the limit cycle iBg. In other
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words, the gain crossover frequency@fx(s) equals the phase 55 ‘ w
crossover frequency dbp(s) € 2S. In this case, eq 5 can be
written as ar§Gre(jwg)} — Agwg = —x, wherewg = 27/Py.

Then, it follows that the phase margip, can be estimated as

¢m = A Gip(iwg)} + 7= Aqw, (6)

To find the value ofAq, an iterative method such as that ¢,
proposed by Chen et &.can be used. Here, an iterative 45r
procedure such as the following is presented. Starting from an
initial guessA©, the value ofA is updated by

50~

e (R T M G B

where y® > 0 is the convergence rate an@.p(jo®)| is
computed by

1 1 1 1 1

35
2

o 2.5 3 35 4 4.5 5 5.5 6

pi —j (it A

OV =G (i) @I — STy e "

|G,_P(Ja) )] —|G|_P(Jw )e | = 8 Figure 3. Gain and phase margins for good disturbance performance.

7w e oty
by the estimated gain and phase margins, the set-point perfor-
mance is not satisfactory. On the other hand, this inverse-based
controller also gives marginally acceptable disturbance response
in the case of dead-time-dominant processes, but results in a
_ AD _ AG-D sluggish disturbance response when process Iag_ is dontthant.
0= . - 9) In the case of a lag-dominant process, if good disturbance re-

IG(0")] — 1G e ) sponse is desirable, the gain and phase margin Pair dm)

has to follow the curve as shown in Figure 3. In fact, this curve

which makes eq 7 have a quadratic convergence rate near thgs obtained from a control system where the controller is synthe-
solution? In each iteration, the value & holds constant until  sjzed to achieve optimal IAE value under constihtin re-
the output generates two or three oscillating cycles and thensponse to a step disturbarfé&ach point on that curve corres-
switches to the next value in an on-line adaptive way. When ponds to a given value dfls which is the maximum of the
eq 7 converges, the resulting value/fis taken asAq. magnitude of the sensitivity function, 1/ G.G(jw)). In

3.3. Assessment of PerformanceéVith the estimated gain  general, dynamics of chemical plants can be represented by an
and phase margins, the robustness of the current system can beOPDT model which is characterized by apparent dead time,
assessed. The recommended ranges of gain and phase margimg and apparent time constant,On the basis of this FOPDT

Notice that we have\q = 0 if Am = 1 and, in generalAq4
increases a#\n and P, increase. Thus, the value &© is
suggested asAy, — 1)Py/6. In addition,y® is chosen as

14

are between 2 and 5 and betweerf 3dd 60, respectively.  dynamics, the controller for disturbance rejection under a con-
Nevertheless, gain and phase margins indeed are closely relatedtantMs can be synthesized by assigning an optimal sensitivity
to the time-domain performance of the system. function?! For dead-time-dominant processes (i.e., snidl),

For set-point tracking, a control system with gain margin 2.1 the gain and phase margins of such a synthesized system vary
and phase margin 60can have the optimal integral of the with /6. Nevertheless, for a lag-dominant process where the
absolute value of the error (IAE}.The corresponding loop  7/g is large, the resulting gain and phase margins approach to

transfer function is as the following form, some constant values. The pairs of such constant gain and phase
margins at differenis values give the result as shown in Figure
Gp(9) = 0.76(04Ps + 1) e s (10) 3. The value ofMs can be used to make a tradeoff between
0s control performance and system robustness. If the estimated (

¢m) pair is far away from the curve, the disturbance performance
may be poor. Therefore, based on the gain and phase margins,
not only the system robustness but also the possibility of
achieving good control performance can be assessed.

where# is the apparent dead-time of the process. For inverse-
based controller design, such as internal model control (IMC)
design, the loop transfer function has the following form,

k e—GS
S

Gp(s) = (11) 4. Controller Tuning

After assessment, when the performance of the control system
wherek is a user-specified parameter to make a tradeoff betweenis found to be poor, the controller needs to be retuned. The
the speed of the response and the robustness of the closed-looprodified relay feedback scheme can be applied for on-line
system. The gain and phase margins of the resulting closed-tuning of a PI/PID controller to achieve user-specified gain and

loop system satisfy the following relation: phase margins, designatedAtsand¢?, respectively. By this
way, neither an intermediate process model nor nonlinear
b = E(l — i) (12) equation solving is required.
mo2 An 4.1. Tuning of PI Controller. Consider the PI controller of

) ) ) ~ the following transfer function.
In general, the above-mentioned inverse-based design can give

a system a good set-point response and has an optimal IAE 1
value if the value ok is chosen ak = 0.598,1° which corres- G(s) = kc(l + r_s) (13)
ponds toAn, = 2.6 andgy, = 55°. Thus, if eq 12 is not satisfied !
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For a given value oA, the parameter; andz;, can be found
to satisfy the specification of phase margin. In other words, they
can be found such that the following two equations hold.

27A
&
Sy e dy
|ng Ur(t) e—ngt dtl

By the modified relay feedback test, eq 14 can be satisfied by
adjusting the value of, and eq 15 can be satisfied by adjusting
the value ofk.. However, the specification of gain margin may
not be necessarily achieved by such obtained controller param-
eters. In general, the gain margin of the resulting system
aforementioned, i.e., the system with = ¢, is a function of
A value. Therefore, there exists a certain valuéafhich can
make the gain margin of the resulting system meet its specifica-
tion. According to the analysis, an iterative procedure for tuning
the PI controller using the modified relay feedback test is
presented as follows:

(1) Start with a guessed value 4f i.e., A©

(2) Adjustt, by the following equation:

7 =70 yl(i)(pm _ %;T*A
m
where P® is the period of the limit cycle in théh iteration.
Equation 14 holds when eq 16 converges.
(3) Adjustk. by the following equation until it converges so
that eq 15 holds,

kc(i+1) — kc(i) — j/z(i)(|G|_p(ja)(i))| —1)

wherew® = 27/P® and |G p(jw")| is computed by eq 8.

(4) SetA = 0, and estimaté\,, by eq 4.

(5) Check if the estimatef\, equalsAf,. If not, change the
value of A by the following equation and go back to step 2
until A = A, holds.

AT = A0 — 5 080 — )
The convergence rate;sf), yg), andyg), can be defined in the
similar manner of eq 9 as

¢h=Aw, or Py= (14)

GLp(i0g)| =G sy €= =1 (15)

(16)

17

(18)

0] (i-1)

0 O N (19)
Loopih _ pl-1)
_ KD — D
= Y (20)
IGp(j@™)l — IGp(w™ )
_ ORENGEY
g) _AT-A T (21)

Am(i) _ Am(ifl)

Notice thatyg) <0, yg) >0, andyg) > 0. For an FOPDT pro-
cess, inserting a delay in the relay feedback loop approximately
results in an increase ofMin the period of the limit cycle. To
improve the convergence of eq 16, it is desirable thak/a},

= P =~ (P, + 4A). Thus, the initial guess ok is suggested as

A(O) — i

2y

P

This design procedure is shown graphically in Figure 4.

(22)

Start with A®

Change 7,
by Eq.(16)
A

Change kc
by Eq.(17)
\

Change A
by Eq.(18)
4

Figure 4. Design procedure of Pl controller.

The procedure is performed in an on-line adaptive manner.
In each of the iterations, two or three oscillating cycles are
generated from the modified relay feedback test to compute the
required quantities for the next iteration. When the valué of
converges, the resulting controller parameters are the desired
ones which can make the control system have both user-
specified gain and phase margins.

4.2. Tuning of PID Controller. For the tuning of a PID
controller, a similar procedure can be applied. The PID controller
transfer function is given as

y

Since there is one more parameter to be tuned, an additional
condition must be introduced to determine the parameters
uniquely. The derivative timep, is usually chosen as a fixed
ratio of the integral timeg,, as

1

G(s) = kc(l Tt (23)

Tp = AT, (24)
Researchef€? have recommended that = 0.25. With the
relation of eq 24, the procedure for Pl controller tuning presented
in the previous section can be applied directly to tune the PID
controller.

If 7p is not chosen as a fixed ratio tg then the extra degree
of freedom can be used to achieve another performance require-
ment. For example, Chen et'dlintroduced the “flat-phase con-
dition” to determine the value af. By making the phase deriv-



ative with respect to the frequency being zero at a given
frequency called the “tangent frequency”, a relationship between
7 and tp for the robust PID controller can be obtained.
Moreover, Zhuang and Athert&hdiscuss the tuning of PID
controller to achieve an optimal integral time-weighted square
error (ITSE) performance criterion and suggest the value of
as

0.413
¢330 +1 (25)
wherek is the process-normalized gain defineddoy: |G(j0)/
G(jwy)|. To use eq 25, the steady-state gain and ultimate gain
of the process are required. This information can be estimated
from the modified relay feedback test by settiig= 0, k. = 1,

7o = 0, andr, as a very large value. In fact, such setting restores
the modified relay feedback to the conventional relay feedback
scheme. Of course, this is at the cost of an extra experiment.

4.3. Specification of Gain and Phase MarginsThere are

some restrictions on the specification of the gain and phase
margin pairs. One usual requirement is that the controller param-
eters have to be positive. Ho et®dhave provided the feasible

region of gain- and phase-margin specifications for Pl and PID

Ind. Eng. Chem. Res., Vol. 45, No. 12, 2008047

'
L

Figure 5. Modified relay feedback scheme for @22 multiloop system.

where

h(s) = 9i(9)8i(9)

1+ gci(s)gii(s); —h2

(29)

control based on FOPDT and SOPDT process models, respecop the basis of the EOPs of eq 28, the loop transfer functions
tively. But the region depends on the parameters of the model. 5 the equivalent loops a6, 1(S) = ge(9F1(S) and Gip A9
Generally speaking, if a larger gain margin is specified, a higher — 9e2(9)8(). Therefore, as in the case of SISO sysfem, the
value of phase margin should also be spe_ci_fied_ accordingly. gain and phase margins of each loop can be estimated by
To achieve better performance, the specification®af, ¢m) sequentially using the proposed modified relay feedback system.
pair has to consider the control objective. As has been ment|oned|:igure 5 shows the modified relay feedback scheme for the first
in Section 3.3, for set-point tracking, it is suitable to specky,( loop, where loop 1 is under relay mode and loop 2 is under
¢ém) pair by eq 12. For disturbance rejection, eq 12 can also be ¢ontrol mode. In a similar way, the gain and phase margins of
used for dead-time-domir!ant processes. On Fhe other hand, Figthe second loop can be estimated. This procedure can be
ure 3 can be used to specifff, ¢m) for lag-dominant processes.  gxtended to a general multiloop system, where the modified
relay tests are conducted in a sequential manner to estimate the
gain and phase margins of each loop. Since the mathematical

Multiloop SISO controllers are often used to control chemical formulation of EOPs for high-dimensional processes is complex,

plants which have MIMO dynamics. Ho et®@ldefined the gain calculatiqn of gain and phase margins ,frF’m process models in
and phase margins based on the Gershgorin bands of thdh€ traditional way becomes very difficult. However, the
multiloop system. However, according to their definition, the Proposed procedure can be easily applied in high-dimensional
gain and phase margins of each loop are independent of theP'ocesses regardiess of the complexity of the EOPs.
controllers in the other loops, so that the interactions between When retgnlng of the controller is found necessary, a S|m|lar
loops are not considered. In this paper, the gain and phaseProcedure like the case of a SISO system can be applied to
margins are defined in the similar spirit as for a SISO system, Un€ the controllege(s) to meet the specification of gain and
based on the effective open-loop process (EOP) in the work of Phase margins of thih loop. If gain and phase margins of

Huang et aft Theith EOP describes the effective transmission MO'€ than one loop are simultan.eouslly specified, the controller
from theith input to theith output when all other loops are tuning needs to go through an iterative procedure because of

closed. With the formulation of EOP, the multiloop control ~tN€ intéraction nature of a multiloop system. In that case, gain

system can be considered as several equivalent SISO loops. and phase margins should be carefully specified to ensure the
Consider the multiloop control system of a<22 multivari- convergence of the controller parameters.

able process _W|th the following process and controller transfer g gimulation Examples

function matricesG(s) and G¢(s).

5. Extension to Multiloop Systems

It is inevitable that measured output will be contaminated by

91109 919 some noise. To reduce the effect of noise, cycling data used in
G(s) = Bi(9 99 (26) the estimation procedure can be taken as the ensemble average
2 Y22 of constant cycles. However, this takes more experiments and
9.4(9 0 more cost. To avoid this, it is suggested that the measured out-
Gc(9) = ’ 0°1 © (27) puts are first pretreated by a filter before being used for the com-
92 putation. During the relay feedback experiment, the input and
. I - output are periodical signals. The wavelet transfdiisithe one
;heegrrvzztgeargancal definitions of the two EORsts) andgy(s), most efficient for filtering such periodical signals. The original
signal is decomposed into different frequency contents through
wavelet transform, and then high frequency parts, which are
8,(9) = 944(9 — 912(5)[922(5)]71921(5)h2(3) u_sually the measurer_nen't noise, are dropped to form the filtered
28) signal. The wavelet-filtering techniques are well-developed and

82(9) = Gol®) — Gpa(9[G11(9] " Gu9Nu(9) can be found in existing computer software (e.g., Matlab). After
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Table 1. Actual and Estimated Gain Margin and Phase Margin in
Example 1

estimated estimated
actual (without noise) A® (with noise)
% Am ¢m Am ¢m A(O) A(l) (Ad) Am ¢m

0.5 464 615 456 60.7 1.278 1.359 1.423 4.47 60.0
1 211 4006 207 394 0.789 0.864 0.924 215 391
15 133 186 1.31 182 0.336 0.385 0.427 1.41 181

2
the measurements are denoised, the proposed procedures are then
applied, and, hence, accurate results can be obtained. The wave-
lets used in following simulation work are the discrete Meyer Yo
wavelets. A

Example 1. Consider a control system with an FOPDT
process and a PI controller given by

—0s

G==—, G(9= 0.616(1 +

_1

s+71 0.76 1
y

Three different values of the dead time= 0.5, 1, and 1.5,
are used for the simulation. As shown in Table 1, the actual
gain and phase margins, designatedAgsand ¢, for these 2
three cases cover a wide range. On the basis of the proposed

1k

Time
relay feedback test, the estimated gain and phase margingrigure 7. Filtered output during performance assessment in example 1:

together with the values oh® during iteration are shown in (@ ¢ =0.5, ()0 = 1, and (c)¢ = 1.5.
Table 1 for comparison. The value of converges after two
iterations. It can be seen from Table 1 that the estimated gain
and phase margins are very close to the actual ones.

Then, simulation is conducted under noisy condition where 0 2.494 0.834 0.321 2.74

Table 2. Design Procedure of PI Controller in Example 1 @ = 1.5)
iteration no. A T ke An

1 2.372 0.917 0.368 2.63

white noise with 15% noise-to-signal ratio (NSR) is introduced. 5 2239 1.008 0.424 549

Here, the NSR is defined by

. Table 1. It can be seen that, by filtering the output, good estima-

_ mean(abs(noise)) tion accuracy can be obtained without extensive experiments.
mean(abs(signal)) For the case of = 1.5, because the gain and phase margins

e of the control system (1.31 and 18are quite away from the

The wavelet filtering is performed on the output on each o.ommended ranges, the performance and robustness are poor.

iteration. Then, data are compgted ]‘or the next iteration. Th? Thus, retuning of the controller is needed. We specify the gain
output responses during the estimation procedure are shown Margin asAr, = 2.5, and then the phase margin is specified

Figure 6, where period | is for estimating gain margin and per- according to eq 12 ag* = 54°. This design is equivalent to

iods [1—1V are for estimating phase margin; the filtered outputs e \c design, so that the control system is expected to have

are shown in Figure 7. The estimated results are also given 'Ng00d set-point response. The tuning procedure is shown in Table
@ 2. The results converge after two iterations\ofA® = 2.239),

and the PI controller is obtained as

NSR

_1

G = 0.42z(1 + o5

The actual gain and phase margins of this resulting control
system aré\, = 2.49 andp,, = 53.2, which are very close to
the specified ones. When measurement noise is introduced, the
output is filtered and a similar PI controller with = 0.434
and 7, = 1.01 results. The closed-loop responses before and
after retuning are shown in Figure 8, where the performance is
significantly improved after controller retuning.

Example 2. Consider a second-order process and a PID
controller given by

e*S

(10s+ 1)(2s+ 1)’

_ — 1

G(s) = G(9) = 7.05{1 it 16%

The actual gain and phase margins are 2.63 and® 5&$8pec-
tively. On the basis of the modified relay feedback, the estimated
gain and phase margins &g = 2.62 andpm, = 56.1°, where the
value ofA converges after two iterations witk® = 1.089,A®

Time . .
Figure 6. Output response with noise during performance assessment in = 1.298, andA®® = 1.655. According to the estimated result,

example 1: (ap = 0.5, (b)0 = 1, and (c)6 = 1.5. this control system is expected to have good set-point response
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Figure 10. Closed-loop responses of example 3.

100

L Y Original response Table 3. Actual and Estimated Gain Margin and Phase Margin in
Retuning for disturbance Example 4
1.2 7 actual value estimatéd estimated (proposed method)
B A dn An pm A P Ag=A®
RN B W ------- 1 128 200 119 127 120 16.8 0.501
l 01 349 516 329 418 334 518 1.789
0.8} i
y The actual gain and phase margins are 1.70 and°23.8
o5l respectively. On the basis of the modified relay feedback, the
estimated gain and phase margins A= 1.66 and¢m =
04l | 22.7, where the value oh converges after two iterations with
' AO = 0.820,A® = 0.726, andA® = 0.663.
To improve the system performance, retune the PID controller
0.2, ] according to the specifications @ = 3 and ¢}, = 60°.
Again, the value ofx in eq 24 is chosen as 0.25. The results
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converge after two iterations @ (A®@ = 2.999), and the PID
controller is obtained as

Figure 9. Closed-loop responses of example 2.

G(9 = 1.207(1 +- 1 10013

but sluggish disturbance response becauseXhepf,) pair satis- 3 651

fieseq 12 andis away fromthe curve in Figure 3. The closed-loop
response as shown in Figure 9 demonstrates this expected result. The actual gain and phase margins of this resulting control

Better disturbance response can be achieved if we retune thesystem aré\, = 3.04 andgm = 59.1°, which are very close to
PID controller based on specifications given in Figure 3. By the specified ones. For this process and the same specifications,
choosingMs = 1.8, the specifications are found Ag = 2.5 the PID controller tuning proposed by Ho et?aksults inAn
and¢y, = 41°. The value ofo in eq 24 is chosen as 0.25. The  — 3 38 andpy, = 62.5. Our proposed method can achieve the
tuning procedure converges after one iterationAofA® = specifications more closely. The closed-loop responses before
1.198), and the PID controller is obtained as retuning, after retuning, and by Ho et%are shown in Figure
1 10. The proposed controller also has better performance than
G(9 = 8.255(1 e T 1408 that of Ho et aP

) Example 4. Consider a process with RHP zero and a PI

The actual gain and phase margins of this resulting control controller, which are used for simulation by Ma and Ztgiven

system aré\,, = 2.54 andp, = 42.8. The closed-loop response by

after retuning is also shown in Figure 9, where the disturbance

response is much improved. However, the set-point response G(9) = (1-p9

becomes not so satisfactory because of the control objective (s+ 1)3’

we aim to. This result indicates that the gain and phase margins

are indeed related to the control performance so that the controlFor the cases gf = 1 andp = 0.1, the actual gain and phase

objective should be taken into account when the controller is margins together with the estimated values by Ma and’Zhu

tuned to achieve user-specified gain and phase margins. and the proposed method are given in Table 3 for comparison.
Example 3. Consider a high-order process and a PID Asis seen from Table 3, the proposed method can estimate the

controller given by gain and phase margins more accurately than the method

proposed by Ma and ZhUThe error between the actual and
#, estimated phase margins by Ma and Zisuarge for processes
(s+1)° with RHP zero.

G(9 = (1 n 215)

G(s) = G9 = 2.1(1 + %SJF s)
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Figure 12. Closed-loop responses of example 5: (a) loop 1 set-point change
Table 4. Actual and Estimated Gain Margin and Phase Margin in and (b) loop 2 set-point change.
Example 5 To improve the control performance, retugg(s) first by
actual estimated specifyingAk, , = 2.2 andqb:;q_,2 =70 for the second loop. The
00p Am  dm  An  dm  AD  AD  A®  A®  A@ result converges after two iterations & (A,? = 10.49), and

gc2(S) is obtained as

1
99 = —0.074{1 T

1 207 338 206 30.2 0.785 0.752 0.690
2 218 899 219 89.8 2659 3.102 24.69 1569 19.67

For the case of = 1, the gain and phase margins of the
control system are too small to have reasonable performance.The actual gain and phase margins of this resulting control
Thus, the PI controller is retuned by the proposed procedure System arén 1 = 2.07 andpm,1 = 32.6" for loop | andAn > =
with the specifications chosen &A% = 3 and¢* = 60°. These ~ 2.21 andpm2 = 71.8 for loop 2. The gain and phase margins

specifications are achieved after two iterationsAo{A® = of loop 2 are very close to the specified ones after retuning,
4.961), and the PI controller is obtained as while the gain and phase margins of loop 1 are similar to those
before retuning. Then, returg(s) by specifyingAk ; = 2.5
G(9 =0 32(1 + 1 and ¢y, ; = 50° for the first loop. The result converges after
¢ ' 1.52 one iteration ofA; (A1) = 1.76), andgcy(s) is obtained as
The actual gain and phase margins of this resulting control 0a(9) = 0,77](1 +%
system areA, = 3.22 and¢, = 60.3. The closed-loop :

responses before and after retuning are shown in Figure 11. Now, the actual gain and phase margins after retuning of two
Example 5.Consider a 2« 2 Wood and Berry process given  controllers aréy, 1 = 2.49 andpm 1 = 53.2 for loop | andAm »

by = 2.33 and¢m 2 = 73.1° for loop 2. They are close to the
specified ones. The closed-loop responses after retuning are
128e° —189¢e™® shown in Figure 12. It is seen that the performance of loop 2 is
G = 16.+1 21s+1 improved after retuning oficz(s) and that the performance of
6.6’ —194e3 loop 1 is improved after retuning @ka(s).

100%5+1 14.46+1 )
7. Conclusions

The performance of multiloop PI controllers proposed by Loh

et al?5 as the following is assessed. A relay feedback based method for tuning a PI/PID controller

with an assessment of gain and phase margins is proposed. The
1 1 proposed method estimates the gain and phase margins for

0.(9) = 0.865{1 + m) 0.9 = —0.08‘(1 + 10& systems with unknown controller and process dynamics. The

) ’ estimated results can be used to assess the performance of the

The actual gain and phase margins calculated are given in Tablefl0sed-loop system. When the retuning of the controller is found
4. The modified relay feedback tests are conducted sequentiallynécessary, the proposed method can be applied to tune the PI/
to estimate the gain and phase margins of two equivalent SISOPID controlier based on the user-specified gain and phase
loops. The procedure and estimated results are shown in Tablghargins. Simulation results have shown that the proposed
4. The numbers of iterations for the first and second loops are Method is effective for processes with different kinds of
2 and 4, respectively. The estimated values are close to thedynamics and for_mult|loop systems. Performance assessment
calculated ones, which indicates the proposed method is also@nd controller tuning can be done by the same approach, which
effective for multiloop control systems. The set-point responses &N ensure a good performance of the control system.
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