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Control of the Process with Inverse Response
and Dead-time based on Disturbance Observer

Zhu Hongdong, Zhang Guanghui, Shao Huihe

Abstract— A modified disturbance observer based control
scheme is proposed to control the processes with inverse
response and dead-time. The two parts of proposed control
scheme have explicit physical meanings: prefilter acts as a
predictor of future control signal, and disturbance observer is
used to reject the disturbance. It is a two degree-of-freedom
control scheme. Two adjustable parameters are directly
related to the performance of set-point response and
disturbance rejection. Two disturbance observer design
methods are proposed to reject step and ramp disturbances.
Robustness of the closed-loop system is discussed. The
proposed method is implemented on control software and
applied on the dual-process simulator. Simulation and
experimental results demonstrate the effectiveness of proposed
method.

I. INTRODUCTION

In chemical process industry, a number of processes
exhibit inverse response behavior, such as drum boiler
and distillation column [1]. When a step signal is applied to
the inverse response processes, the processes will output in
the opposite direction initially to the steady-state. The reason
is that the process transfer function has odd number of
right-half-plane (RHP) zeros. It is a challenge to control this
kind of process. In the past literatures, many kinds of
methods were used to control this kind of process, such as
adaptive control methods [2-4], intelligent control methods
[5], and classical methods based on linear time-invariant
(LTI) model. Due to the complexity of previous two
methods, classical methods were often used in distributed
control system (DCS). There are two categories of control
structures in classical methods to control the processes with
inverse response. The first category of structure is PID
controller with many kinds of tuning methods [6,7].
However, performance of PID control should be degraded to
keep the stability margin. The second category of structure
has an inverse response compensator [8-10]. However,
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dead-time is not considered in [8,9].

The disturbance observer is an often-used control method
in motion control field. It was originally presented by
Ohnishi in 1987 [11]. Disturbance observer was used to
estimate the disturbance and cancel the effect of the
disturbances. In [12], a new load torque observer that takes
the effects of system delay into consideration was proposed.

In this paper, we propose a modified disturbance observer
to control the processes with inverse response and long
dead-time. This paper is organized as follows. The original
and modified control structure is introduced in section II. In
section III, we illuminate the design principles of set-point
controller and disturbance observer to reject the step
disturbance and ramp disturbance. Robustness analysis is
presented in section IV. The robust stable zone is given
when there exist the uncertainties in the process gain,
inverse response time constant, and dead-time. The control
software is applied to control the dual-process simulator.
The application results are shown in section V. Several
remarkable conclusions are made in the last section.

II. DISTURBANCE OBSERVER BASED CONTROL

In [12], the disturbance observer was used to compensate
the unknown load torque, in which the delay of speed
measurement was considered to enhance the robustness of
the closed-loop system. Since the measurement delay is
considered, the robustness and performance of speed control
system is higher than that of original disturbance observer
based speed control system. However, it has several
drawbacks: the inverse function of delay-free part of process
model is not proper, and it can not be used to observe the
disturbance if it is applied to the process with inverse
response because the RHP zeros of delay-free part will be
the RHP poles and the disturbance observer will be unstable.
We are inspired by the modification of load torque observer
and present a new disturbance observer to control the
process with inverse response and dead-time.

Assume that the transfer function of the process with
inverse response and dead-time is represented by:

G(s)=G,,(5)G,, (s)e™ 8

inv

where G,,0(s) is the minimum-phase part of process, G,,(s)
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condition: lirrol G, (s)=1,and e ™ is the delay part.

The significance of the load torque observer in [12] is to
introduce delay part to the original disturbance observer. It
can eliminate the delay part from the characteristic equation
of closed-loop system in nominal case. As discussion on
above, it can not be used directly to estimate the disturbance
from input and output data of process with inverse response
and dead-time. Then, we propose a modified disturbance
observer to control the process with inverse response and
dead-time.

Modified |

Disturbance Obscrvm;

Fig. 1. New control scheme based on modified disturbance observer.

The proposed control scheme based on modified
disturbance observer is shown on Fig. 1, where C(s) is the
set-point response controller, G,,(s) is the minimum-phase
part of the process model, G;,, (s) is the part with RHP zeros,
and Q(s) is low-pass filter which steady-state gain is 1. O(s)
is designed to trade off the robustness and disturbance
rejection performance. Two modifications are proposed in
the new disturbance observer. The first one is to multiply
low-pass filter O(s) to the delay block and inverse model
block. This modification can make Q(s)/G,(s) proper
provided that the relative degree of O(s) is high enough. The
second one is that we introduce RHP zeros part, G;,(s), to
disturbance observer to estimate the effect of inverse
response. This modification eliminates the delay part and
G, (s) from the closed-loop characteristic equation. Under
nominal case, the transfer functions from set-point 7,
disturbance d, and measurement noise n to output y are
respectively:

C(5)G,,(5)G,, (5) e

O = (96,0 (5) @
G,1(5)= Gy (G ()™ (1- Q)G (D) (3)
G,.(5) = ()G, (s)e ™ @

From above three equations, we can see that the set-point
and disturbance response are decoupled. Using (2), we can
design C(s) to meet the desired set-point response. Q(s) can
be designed by (3) to obtain the satisfied disturbance
rejection. In order to reject the disturbance and attenuate the
measurement noise, G,,(s) should be zero at low frequency
and G,,(s) should be =zero at high frequency. A
well-designed low-pass filter O(s) can be used to achieve
this goal. The design principle of Q(s) will be presented on
section III.

The proposed control scheme is composed of two parts:
prefilter part and disturbance rejection part. The prefilter

part is composed of set-point response controller C(s) and
minimum part of process, which acts as a “set-point control
signal predictor” because the signal that the C(s) output
according to the minimum-phase part of model effects the
future process output. Disturbance rejection part is to
estimate the disturbance, reject the disturbance, and
guarantee the stability of the closed-loop system. The
principle of modified disturbance observer is explained as
follows. The set-point command 7 is handled by the prefilter
and generate control signal. Then, the control signal is
applied to the process and disturbance observer
simultaneously. The process output will change after

dead-time. The signal handled by Q(s)G
same as the signal handled by O(s)/G,,(s) part in nominal

(s)e ™ part is

iny

case. Thus, the disturbance observer output d is zero. If the
disturbance is applied to process, the disturbance observer

output d is:
d =de”™G,,(s)0(s) (5)
Since both the steady-state gains of O(s) and G,,(s) are one,

d (o) =d , which means the disturbance can be rejected.

In process control, the simplified model is often used to
represent the actual process and tune the parameters of
controller. The first order model and second order model are
often used to represent the behavior of minimum-phase part.
(-T,,s+1) is often used to approximate the inverse
response part, in which T, is called inverse response time
constant. Then, the models of process with inverse response
and dead-time are given by following two forms:

Gl(s)=TK’” (=T, +1)e™" (6)

+ 1 inv

m

2
K m wm

G,(s)= (T,

g+ T)e )
s’ +28 o s+w, "

where K,,, Ty, T ,<&, , and @, are the process gain, time

constant, dead-time, damped factor, and natural oscillation
frequency, respectively.

III. TUNING PRINCIPLE

A. Tuning principle of set-point controller

The tuning principle of set-point response controller and
disturbance observer is illuminated at this section. At first,
the tuning principle of set-point controller is introduced.
Undershoot is a well-known phenomenon if a step signal is
applied to the process with inverse response and dead-time.
Hence, undershoot should be considered when designing
set-point controller C(s). The desired set-point response is
usually selected as the first-order dynamic. However, it is
not a good choice to control the process with inverse
response and dead-time. The reason is explained as follows.
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If we set C(s)G,(s)/(1+C(s)G,(s)) to the first-order
dynamic:
C(s)G,o(s) 1
1+C(5)G,,(s) As+1

where 4 is a adjustable parameter of the controller, which is
directly related to set-point response. Then, in nominal case
the transfer function from set-point  to output y becomes:

- s+1 _
G, ()= e ©
Suppose the magnitude of step input is R. According to
initial value theorem, the magnitude of undershoot in
proposed control scheme can be obtained by:

R-T,s+1 _ RT,
—th ny — —__iny 10
s (s As+1 Tasel ) A (10)

In other words, the smaller 4 is, the larger undershoot is.
If desired transfer function from set-point to process
T s+1

iny —7,,8

output is chosen as G, (s)=—5"——c¢
yr
a,s’ +a,s+1

®)

, the initial

undershoot will be zero when a step command applies to the
control system. This choice is better than the above one.
Certainly, undershoot as well as delay can not be eliminated
from system because it is a natural property of such process.
According to above discussion, the tuning principle is to
set C()G,0(s)/(1+C(s)G,n0(s)) to the second-order dynamic:
C5)Gpls) _ 1 an
1+C(s)G,,(s) A’s> +2E0s+1
where / is an adjustable parameter of the set-point controller,
which is directly related to set-point response performance,
and & is damped factor. 4 and &£ are important factors for

satisfactory behavior of a system. A small 4 results in a fast
system response but may cause large control effort. A
small £ can cause oscillatory dynamic. We suggest

choosing & as 0.707. Then, only one parameter 4 should be

tuned by user to trade off the set-point response and
undershoot. Then, the transfer function from set point r to
output y becomes:

-T s+1

G (5)= e ™ 12
()= s+2§/ls+l (12)

The PI and PID controllers are often used to control the
first-order and second-order processes. Assume that the
practical PID controller has the following form:

Cs)=K,(1+—

+Ts) (13)

T.s+

1
F

The tuned parameters of C(s) are shown in Table I when
G,o(s) has the first-order and second-order dynamic

respectively.

Table 1
Tuned parameters for controller C(s)
GmO(S ) Kp Tl T, d T, F
K, T 1
m Tm 0 P
T,s+1 280K, 28
Koy w25 1L
S + 2§ma)ms + [() A’gmem a)m 256011 E

If G,o(s) has a high-order dynamic, using PID controller
can not achieve desired dynamics. Therefore, we directly
tune prefilter part as:

F(s)= !

G, ($)(A’s +2EAs + 1)(As + 1)%?
where d, is the relative degree of G,,(s) and is larger than 2.

Hence, in nominal case the transfer function from set-point »
to output y becomes:

d,>2  (14)

=T, s+1

G, (s)= 7
’ (A5 +2Es + 1) (As +1)"”

7z'ms (15)

B. Design of Q(s) to reject disturbance

The step disturbance (d(s)=1/s) and ramp disturbance
(d(s)=1/s%) are two kinds of disturbance that should be
rejected in process control. The step disturbance and ramp
disturbance are so-called Type I and Type II input
disturbances, respectively. In order to reject Type I input
disturbance, O(s) should meet the condition:

lim(1-0(5)G,, (s)e ") =0 (16)

If O(s) is designed to reject the Type II input disturbance,
o(s) should meet (16) and the next condition:

l1m—(l 0(s)G,, (s)e™)=0 a7

S1mpl1fy1ng (16) and (17) yields:
0(0)G,,(0) =1 (18)

lim % (0()G,, () =z, (19)
50 dS

Assume that the order of Gj,,(s) is diny. In order to make
O()/Go(s) and O(s)Gin(s) proper, the degree d. of O(s)
should not be smaller than maximum of d,, and d,. For
rejecting step disturbance, one of the optional low-pass
filters is:

prreer
N N
0(s) = )

(A’ +2E0s + 1)(As + 1) d,

where 4, is an adjustable parameter which directly relates to
the performance and robustness of the closed-loop system,
d; is the maximum of d;,, and dy. The dumped factor & is

(20)
>2

usually chosen as 0.707. As for the ramp disturbance input,
0O(s) can be chosen by:
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as+1
AlsT+2Eh s +1 '
O(s) = 21
as+1
2.2 d,—1 dr
(As” +2E8 s+ D(A4s+ D™
Substituting (21) to (19) yields:
a=1,+264+T, +(d. -4 (22)
For the process which transfer function is (6), d; equals 1.
If the closed-loop system is designed to reject step

1 .
—ﬂff 211 If O(s) is

disturbance, Q(s) is chosen by

ek +7,+ T, )s+1
A5t +2E0 s +1

reject step and ramp disturbance. For the process (7), d;

set to

, the closed-loop system can

equals 2. If Q(s) is set to , the step

1
AlsT+2E0s+1
disturbance can be rejected. If the closed-loop system is
tuned to reject step and ramp disturbances, Q(s)

is ((225 :l)/{‘ 7y + T )5+ . Increasing 1, yields the bad

(A s +2E0s+1)(A4s+1)
disturbance rejection performance and good robustness,
while decreasing A, yields the good disturbance rejection
performance and bad robustness.

IV. ROBUST STABILITY ANALYSIS

There always exists uncertainty in practical process.
According to small-gain theorem, the sufficient condition
that guarantees the robust stability of closed-loop system is:

IT()|, <1/]A)|, (23)
where 7(s) is the complementary sensitive function of the
nominal closed-loop system, A(s) is multiplicative
uncertainty of process. The complementary sensitive
function of proposed control scheme is given by:

T(s) =0(s5)G,,, (s)e™ (24)

In this section, we discuss the stability of the closed-loop
system where disturbance observer is designed to reject step
disturbance. Then, the following form can be obtained:

_T 1
(1), =l e, s+

AlsT + 280 s +1

Three kinds of uncertainty (process gain uncertainty,
inverse response time constant uncertainty, and dead-time
uncertainty) are considered in this section. Firstly, the
process gain uncertainty is considered. When the process
gain is varied to K,+AK , the process gain uncertainty A(s) is
AK/K,,. If only the process gain uncertainty exists, the
inequality (41) will be transformed to:

(25)

| -1, jo+l
1- 220" + 284, jo

Sup —JTn® < m
[AK]

2]

(26)

Denote a=4,/T,, and @ =1, o . Then, (26) will be

transformed to:

|-j@ +1| K
m 27

i + J2éad| ) |AK| @7

[

P
-l
. %\l\l\\\l\l\

AT, 0 ! &

1 iny

Fig. 2. Robust stable plane for gain uncertainty.

Robust stable region B

/T,

“1 inv
Fig. 3. Robust stable region for gain uncertainty when & is chosen as
0.5,0.707, and 1.

It is easy to calculate the left part of (27). The robust stable
boundary plane respected to @ and £ is shown on Fig.2. In

order to show the robust stability boundary clearly, the
robust stable boundaries where £ =0.5, 0.707, and 1 are

shown in Fig.3. If AK/K,, is lower than the robust stable

plane, the closed-loop system is robust stable. It is
concluded that decreasing A4, /T,, or & can reduce the

closed-loop system tolerance for process gain variation.

Secondly, we consider the uncertainty in the inverse
response time constant. Suppose that the inverse response
time constant is perturbed from Ti,, to TintAT;y. The
multiplicative uncertainty A(s) equals AT,s/(-Tinst1).
Then the following theorem holds.

Theorem 1. For the process inverse response time
constant uncertainty, A(s)=AT,s/(-Tinys+1), the closed-loop
system is robust stable if
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|AT,,, | <2&4, (28)

Proof: Suppose the inverse response time constant varies
from Ty, to Ty, +ATy,. The robust stability condition is
transformed to:

| A]:nv]a) —JTn @ <1 (29)
Denote a=4/T, , =T, 0 ,and f= |A .
Equation (29) can be rewritten by:
— 17)
sup WL 1. (30)

Simplifying it yields f<2{a when w=1/a , ie.
|AT,, | <284, . O

20

:
— £=0.707

—— &=

2T,

1" inv

Fig. 4. Robust stable region for delay uncertainty when & is chosen as
0.5.0.707, and 1.
Finally, dead-time uncertainties are considered. Suppose

the dead-time is varied from 7, to 7,tAr. Then the
multiplicative uncertainty A(s) of system is given by:
A(s)=e " -1 31
The sufficient condition that keeps the closed-loop system
robust stability will be transformed to:

sup| AT’"‘]a) +l —e (e~ 1)< 1. (32)
1 J @O
It can be rewritten by:
(1—ﬂ1a)) +4§ Ao’ [2-2cos(Arw)

It is a nonlinear inequality and has no analytical solutions.
The numerical solution for (33) can be solved by the
following procedure. Rewrite (33) as

—a@?
2 2cos(ya) < LZX@ ) +4a Vo (34
o’ +1
where y=At/T},,, 0=4,/T},,, and @ = T;,,. Denote
F =2-2cos(ym)
(I-a’@°) +4&°a’D” (35)

F =

2

@’ +1

The robustly stable boundary of (32) is the numerical
solutions for the following two nonlinear equations:

F=F,
. (36)

F=F
When & is selected to be 0.5, 0.707, and 1, the

relationships between 4,/T;,, and At/T;,, are shown in Fig.4.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Control second-order process with inverse response
and dead-time

Consider the following second-order process with inverse

response and long dead-time:
G(s) = ;25' +1

25" 4+3s+1

Disturbance observer is designed to reject the step input
disturbance. A and A, are all set to 2. Simulations are made
under nominal case and model mismatch case. The
simulation results under nominal case are shown on Fig.5.
Three model mismatch conditions are considered: process
gain varies from 1 to 1.3, inverse response time constant
varies from 2 to 3, and dead-time varies from 5 to 6. The
simulation results are shown on Fig.5. A step command is
introduced at =0 and a step disturbance is introduced at
t=100. The magnitudes of disturbance and set-point input
are 0.5 and 1, respectively.

(37

1.5
2 \\ / 7
2
o
9 0.5 —— nominal case
@ —— Gain variesto 1.3
3 __ T. variesto 3
= 0 inv
o Dead-time varies to 6
_05 L L ‘
0 100 150 200
—— nominal case
15 —— Gain variesto 1.3

T/.,W varies to 3

N Dead-time varies to 6

Control action

L
0 50 100 150 200
Time (s)
Fig. 5. Simulation results.

B. Application to dual process simulator

There is a dual-process simulator which type is KI-101 in
advance process control laboratory of automation
department. It is used to simulate the linear or nonlinear,
low-order or high-order, stable or unstable, independent or
coupled processes. In advance process control laboratory, it
is used to verify the performance and robustness of the
advanced process control algorithm. In our application, we
configure it as a second-order process with inverse response
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and long dead-time. The proposed control method is
implemented under Lab Window/CVI environment. An
industrial PC installed analog-to-digital card and
digital-to-analog cards acts as the advanced process
controller. The picture of whole system is shown on Fig.6.
In order to tune the proposed controller, an open-loop
experiment is applied to obtain the model of simulator. A
direct identification method form step responses is used to
obtain the model of simulator [13]. We obtain the model
249 s + 1 o5

25115 + 10.04 s + 1.006

The parameters of prefilter and disturbance observer, A and
Al, are tuned to 2.494 and 4, respectively. Firstly, the
controller is set to manual mode and manipulates process
output to 20. Secondly, the operation mode is bumplessly
transferred to automatic mode and set-point is set to 40 at
55s. When a new steady state is achieved, a step disturbance
which magnitude is 20 is injected to the input of process at
105s. The control action and process output are shown on
Fig.7.

transfer function: G(s)=

Fig. 6. Picture of whole system.
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Fig. 7. Experimental result when A and A1 are tuned to 2.494 and 4.

VI. CONCLUSION

In this paper, a modified disturbance observer is proposed
to control processes with inverse response and long
dead-time. It is a two degree-of-freedom control scheme.
The two parts of control scheme have explicit physical
meaning: prefilter part acts as predictor of future control

signal while disturbance observer acts as an estimator for
disturbance to cancel the effect of disturbance. Step and
ramp disturbance can be rejected by proposed control
structure according to different design principles. Since
there are only two adjustable parameters that are directly
related to the setpoint response and disturbance response
when the process model is obtained, it is easy to be tuned.
The robust stability condition is given when there exist
process gain uncertainty, inverse response time constants
uncertainty, and dead-time uncertainty. The proposed
control method is implemented to control the process
simulator. Simulation and experimental results illuminate
the effectiveness of proposed method. Although the
proposed controller seems to be more complex than PID, the
performance of proposed method is more enhanced. In fact,
the implementation of the controller is easy. It is easy to
transfer the high-order rational part, such as Q(s), to state
equation and solve it through the fourth-order Runge-Kutta
integral algorithm.
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