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STUDY OF ANTI-WINDUP PI CONTROLLERS WITH DIFFERENT

COUPLING-DECOUPLING TUNING GAINS IN MOTOR SPEED†

T. L. Chiah, C. L. Hoo*, Edwin C. Y. Chung

ABSTRACT

Proportional-integral (PI) controller is still a widely used closed-
loop controller in industrial applications due to its simplicity. PI controllers
experience difficulty in having both non-overshoot with short rise time. Such
unfavourable response is due to its coupled tuning-gains and the integral
windup, which eventually leads to system instability. Various anti-windup
techniques have been proposed. However, similar to the conventional PI
controllers, most of these techniques have coupled proportional and integral
tuning gains that affect one another. The controllers contain adaptive switching
between the conventional and its designated integral control depending on the
saturation state. This paper proposes a robust non-switching anti-windup PI
controller with semi-decoupling tuning gain. Speed control simulation and
experimental testing are conducted to investigate the impact of the various
tuning gain dependency. The proposed controller shows a fast response with
no overshoot as compared to the conventional, and other non-switching anti-
windup PI controllers with coupling and decoupling tuning gain at certain
loading conditions.

Key Words: anti windup, saturation, semi-decoupling, proportional-integral,
steady-state, control.

I. INTRODUCTION

The rapid growth in technology promotes
advanced development in the automation industry.
Many new controllers were designed to suit different
needs and applications. The Proportional-Integral-
Derivative (PID) family is still a commonly used
controller in the industry due to its simplicity in
implementation and ability to provide satisfying
results. This includes its application in the solar steam
turbines [1], Hydro turbine governing system [2], the
bio-inspired morphing wing of the unmanned aerial
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vehicle (UAV) [3] and robotics [4]. The Proportional-
Integral (PI) controller is able to eliminate errors or
disturbance in a system but could be subjected to
oscillation in their response, large overshoot, and
prolonged settling time due to the coupled tuning
gains, where the gain affects each other and oppose the
response characteristics carried by individual tuning
gain. This adverse response is known as the windup
phenomenon, which could also lead to speed response
instability [5]. Windup phenomenon occurs when
the control system operates in the nonlinear region
where the controller output exceeded the actuator limit.
The controller will then failed to continuously detect
the error signal and respond to the changes in the
system when it falls into a saturated state. The windup
phenomenon leads to physical system degradation and
eventually causing system malfunction [6].

Anti-windup techniques were mostly implemented
especially in the linear control system to deal with the
system performance and stability deterioration caused
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by the windup phenomenon [7]-[10]. Anti-windup
techniques are applied to minimise the control output
from exceeding the limit of the plant input. The anti-
windup controller enables the control state to return
to its non-saturated or linear control when the control
falls into the saturation region. The control system is
saturated when the control output exceed the limiter
range [11]-[13].

Researchers had developed various anti-windup PI
controllers such as conditional integral (CI), tracking
back calculation (TBC), integral state prediction (ISP),
steady-state integral proportional-integral controller
(SIPIC) and steady-state integral proportional-integral
controller 2 (SIPIC02) throughout the years. These
controllers individually own a unique mathematical
equation and controller component constructions which
allows the controllers to treat the windup phenomenon
in PI control [8].

The CI, TBC, and ISP are anti-windup controllers
with adaptive switching mechanisms. The controllers
alter the integral control during a saturated state and
resume to a conventional PI controller when it is
operating under a non-saturated or linear state. Hence,
similar to the conventional PI controllers, they have
coupled tuning gains. The concept of adaptive control
is where the controller is designed to have different
operation modes and switch between these modes
to fit the operating conditions [8]. The SIPIC and
SIPIC02 were build without the need of switching
mechanism. SIPIC [14]-[15] has a decoupling feature
that enables individual tuning effect of the controller
proportional gain, kp and integral gain, ki on the
system. This is done by separating the two gains in the
dynamical mathematical model. In the meanwhile, the
PI tuning gains are coupled in SIPIC02 [16]. Tuning
of proportional gain will affect the attribute obtained
in tuning integral gain and vice versa. SIPIC was able
to reduce the settling time but still cannot completely
remove the overshoot in the system. Conversely,
SIPIC02 was able to fully remove the overshoot in
the system but suffered a long settling time. TABLE 1
summarises the advantages and disadvantages of the
existing anti-windup PI-based controllers. TABLE 2
shows the integral control structure of the controllers
under different states where e, u, v, ka, ωi, qss and q
denotes error signal, controller output, plant input, gain,
a positive parameter of the low pass filter, the integral
value at steady-state and integral state respectively.

This paper studies on the intermediate coupling-
decoupling tuning gains of an anti-windup PI control.
A new non-switching anti-windup PI controller with
semi-decoupling tuning gain (SDTG) for motor speed

Table 1. Comparison of conventional PI and anti-windup
schemes

Table 2. Integral control comparison of the existing anti-windup
controllers and conventional PI under different control states

control application is proposed. The SDTG is expected
to reduce the weaknesses of the non-switching anti-
windup PI controller with coupling and decoupling
tuning gain by having an intermediate feature between
the two. The motor speed control performance
comparison will be conducted for different coupling-
decoupling modes and the conventional PI controller.
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II. PRELIMINARY ANALYSIS

Fig. 1 shows the general block diagram for a speed
control system, with ωr

∗(s), C(s), V(s), TL(s), P(s), kt
and ωr(s) represent the Laplace form of input reference,
controller, control output, load, system plant, torque
constant and output speed respectively.

The error signal, e is the difference between the
input reference, ωr

∗ and the feedback system output,
ωr as given by equation (1).

e = ω∗r − ωr (1)

Given a plant of P (s) = f
bs+a with a, b and f

as plant parameters, a speed control system can be
represented by equation (2).

vkt = − b

f
ė− a

f
e+

a

f
ω∗r + TL (2)

Since v is the output signal from the PI controller,
it consists of the proportional and integral components
(3).

v = kpe+ kiq (3)

From equation (2) and (3), the steady-state integral
value can be expressed as equation (4).

kiktqss = TL +
a

f
ω∗r (4)

Hence, the general error dynamic equation of the
whole PI control system can be derived as equation (5).

E(s) =
e(0) b

f + kikt[
qss
s −Q(s)]

b
f s+

a
f + kpkt

(5)

In order to attain a zero steady state error in
the system, essentially the design for the integral
component in (5) must meet condition (6). This further
translates the expression in the bracket of equation (6)
reduces into a function without the presence of pole
at the origin. Consequently, this suggests a possible
generic format of this function as described in equation
(7).

lim
s→0

ktkis
(qss
s

−Q(s)
)
= 0 (6)

Fig. 1. Block diagram of a general speed control

qss
s

−Q(s) = Asnf(s) +B (7)

Q(s), f (s) and n denotes the Laplace transform of
the integral state, a general function and a non-negative
integer respectively. The A and B are constant. The
structure of f (s) is formulated based on the desired
characteristics of the controller that build its terms. Any
integral control structure that follows this general form
is deemed to exhibit no steady state error.

Research shows that the coupling of tuning gains
kp and ki limits the controller in obtaining both short
settling time and non-overshoot response at the same
time in the performance [14]. The degree of decoupling
depends largely on the separability of kp and ki into
distinct poles in the dynamic equation of the control
system. This will determine the level of tuning effect
on the damping ratio, and hence the overshoot and
overall response time of the control system. SIPIC
and SIPIC02 were originated from template (7), by
implementing the decoupled gains (8) and coupled
gains (9) design structure respectively on the template.
Substituting equations (8) and (9) into (5) will give
equations (10) and (11) which are the equivalent error
dynamic equation for SIPIC and SIPIC02 respectively.
Observing that the tuning gains exist individually in
separate poles for SIPIC. SIPIC02 consists of tuning
gains that cannot be factorised into distinct poles which
results in coupled tuning gains control.

qss
s

−Q(s) =
sQ(s)− q(0)

kikt
(8)

qss
s

−Q(s) =
sQ(s)− q(0) + E(s)

kikt
(9)

E(s) =
e(0) b

f

b
f s+

a
f + kpkt

+
kikt(qss − q(0))

(s+ ki)(
b
f s+

a
f + kpkt)

(10)

E(s) =
e(0) b

f (s+ ki) + kikt(qss − q(0))

(s+ ki)(
b
f s+

a
f + kpkt)− kikt

(11)

III. PROPOSED CONTROLLER WITH
SEMI-DECOUPLING TUNING GAIN (SDTG)

Studying equation (5), the coupling-decoupling of
tuning gains can be easily explained by transforming
the error dynamic equation into its equivalent time
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domain. To generalise, the time domain could take
a few possible forms (12)-(16). Understanding the
mathematical work, M consists of a set of system
parameters such inertia and coefficient of damping
obtained mainly from the denominator and partially
from the numerator of equation (5). Therefore, M
exponential term will give significant impact on the
system response. In the meanwhile, N consists of terms
solely from the integral control part. C1 and C2 are the
constants. The expression (12) defines the time domain
for decoupled tuning gains as the gains are completely
separated. Equations (13)-(16) reflects certain degree
of semi-tuning gains coupling. This research studies
the possibility to only provide changes in the integral
control without affecting the characteristic equation.

e(t) =Me−C1kpt +Ne−C2kit (12)

e(t) =Me−C1kpt +Ne−C2kpkit (13)

e(t) =Me−C1kit +Ne−C2kpkit (14)

e(t) =Me−C1kpkit +Ne−C2kpt (15)

e(t) =Me−C1kpkit +Ne−C2kit (16)

A new anti-windup PI controller with semi-
decoupling tuning gain (SDTG) is proposed and
developed through the generic control template (7) to
overcome the weaknesses of SIPIC and SIPIC02. The
attempt lies on the intention to create an intermediate
coupling-decoupling feature of the tuning gains. The
possible solution focuses on the presence of kp in the
separate exponential power coefficient in one term,
while the co-existence of both kp and ki in another term.
This structure allows the integral control to tune the
overshoot and response time separately without much
affecting the characteristic equation. Aligning to these
desired characteristics, the expected error dynamic
equation should carry the form of equation (13) where
ki only presence in the integral control dependent
exponential. Hence, this formulates the function f (s)
and gives the control template (7) in the form of
equation (17). Equation (18) shows the corresponding
integral component of the controller. Similar to SIPIC
and SIPIC02, the proposed controller will be a non-
switching anti-windup PI controller.

qss
s

−Q(s) =
sQ(s)− q(0)

kpkikt
(17)

kikt(qss − q) =
q̇

kp
(18)

Following the same approach of utilising equation
(2) and (4) in Section II, the steady-state of the integral
controller (18) can be expressed as equation (19).
Enabling the steady-state integral prediction in the
new controller will provide a desired integral value as
reference to guide the integral controller. Instead of
random error accumulation, the integral control will
take a shorter recovery path from the saturation control
state in the PI plane and suppress the poor performance
due to the windup. Fig. 2 illustrates the block diagram
of the proposed integral component.

kiqss = v − b

fkt
ω̇r +

a

fkp
e (19)

From equation (5) and (17), the error dynamic
equation (20) of the proposed SDTG is derived.
Equation (21) shows its corresponding time domain.
It is shown that kp and ki are separated into distinct
poles while having one completely decoupled, and the
other remains coupled. The proposed SDTG structure is
expected to potentially generate a desired performance
with no overshoot and steady-state error. Without
the need to switch the integral control, the proposed
anti-windup PI controller with SDTG is designed to
overcome the instability experienced by the adaptive
control switching mechanism of the other anti-windup
controllers. Fig. 3 shows the block diagram of whole
architecture of the proposed anti-windup controller with
SDTG.

E(s) =
e(0) b

f

b
f s+

a
f + kpkt

+
kikt(qss − q(0))

(s+ kpki)(
b
f s+

a
f + kpkt)

(20)

Fig. 2. Integral component of the proposed anti-windup PI controller
with SDTG
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Fig. 3. Block diagram of the proposed anti-windup PI controller with
SDTG

e(t) =

{
e(0)−

f
b kikt(qss − q(0))
a
b + f

b kpkt − ki

}
e−(

a
b +

f
b kpkt)t

+

{ f
b kikt(qss − q(0))
a
b + f

b kpkt − ki

}
e−kpkit

(21)

TABLE 3 shows the Routh-Hurwitz Stability
Criterion analysis for the SDTG controller. Knowing
that the tuning gains and system parameters are positive
values, the first column will always carry positive value
and will not have a change in sign. Therefore, the
system for the proposed anti-windup PI controller with
SDTG is stable at any value of kp and ki.

IV. HARDWARE SIMULATION AND
EXPERIMENTAL SETUP FOR MOTOR

SPEED CONTROL

The proposed anti-windup PI controller with
SDTG is compared with conventional PI, SIPIC and
SIPIC02 with different tuning gains under different
speed and loading conditions using the Scilab/Scicoslab
software on a direct current motor as detailed in
TABLE 4 and TABLE 5. The hardware simulation
and experimental testing are based on the motor speed
test rig consisting a PC based DAQ equipped with a
two-time voltage amplifier. The tuning framework has
yet to be established and will require an extensive

Table 3. Stability analysis for SDTG controller

investigation in future. Hence, the tuning gains used in
this research vary between 1, 5 and 10 in order to give
a significant observation of change. The performances
of the controllers are simulated and experimented under
the step input between ±50 rad/s and ±100 rad/s with
no load and load (disc load of moment of inertia
8.63x10−5 kgm2). Fig. 4 shows the hardware setup for
hardware simulation and experimental testing.

Fig. 5 shows the proposed anti-windup PI
controller with SDTG attaching to the DC motor where

Table 4. Data specification of DC servo motor

Table 5. Parameter of DC motor speed test

Fig. 4. The hardware experimental setup

© 2008 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society
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Fig. 5. Block diagram of the proposed anti-windup PI controller with
SDTG for DC motor speed control

all the parameters are given in TABLE 5. The kiqss

indicates the input reference for the integral control.
Based on Fig. 5, the dynamic equation of the

system can be written as equation (22) where X(s)
denotes the input signal to the motor. Equation (22) is
rearranged and inverse Laplace transformed as shown
in equation (23).

X(s) =

[
V (s)− kmωr(s)

Ls+R

]
ηkt (22)

v =
Lẋ+Rx

ηkt
+ kmωr (23)

The dynamic expression for the motor output is
given by equation (24). Differentiating and inverse
Laplace of equation (24) will translate into equation
(25). Equation (26) is obtained through differentiating
equation (1).

ωr(s) = [X(s)− TL(s)]

(
1

Js+B

)
(24)

Jω̇r +Bωr = x− Tl (25)

ω̇r = −ė (26)

Equations (1) and (26) are substituted into
equation (25) and rearranged to form equation (27).
Equation (28) shows the derivative of equation (27).
The controller output, equation (29) is formed by
substituting equations (27) and (28) into equation (22).
At steady state, the controller output will attain the
expression of equation (30).

x = Bωr + Tl − Jė−Be (27)

ẋ = −Jë−Bė (28)

v =
L(−Jë−Bė) +R(Bωr + Tl − Jė−Be)

ηkt

+km(ωr − e)

(29)

vss =
RBωr +RTl

ηkt
+ kmωr (30)

Simplifying equations (29) and (30), and noting
that vss for a PI-based control is analogous to the
steady state integral control results in equation (31).
The expression (31) will be formulated as the input
reference to the integral control in Fig.5 of the proposed
anti-windup PI controller with SDTG for both hardware
simulation and hardware experimental testing.

kiqss = v +
LJ

nkt
ë+

LB + JR

ηkt
ė+

BR+ ηktkm
nkt

e

(31)
Fig. 6 and Fig. 7 show the Scilab block diagram

of the proposed anti-windup PI controller with SDTG
for hardware simulation and experimental testing
respectively.

V. RESULT AND DISCUSSION

The speed control response graphs are shown
to highlight the significant differences. The hardware
simulation and experimental responses are very similar,
and hence only the experimental graphs are shown in
this paper. Summary tables are provided to compare
the rise and settling time, and also overshoot of each
controller at different test settings.

Fig. 6. The block diagram of the hardware simulation model of PI
controller with SDTG in Scilab
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Fig. 7. The block diagram of proposed anti-windup PI controller with
SDTG in Scilab for experimental testing

5.1. No Load Condition

The performance of the controllers under the no
load condition is shown in Fig. 8. The experimental
results of the controllers are summarised in TABLE 6 to
TABLE 8 for the rise time, settling time, and percentage
of the overshoot respectively.

By referring to TABLE 6 to TABLE 8, increasing
the value of gain, kp or ki will reduce the rise
time and settling time for all the controllers. The
rise time of SIPIC02 is the longest which is one
of the setbacks of a coupled tuning gain controller.
Thus, overshoot will never occur in SIPIC02. The
overshoot occurs and the percentage of having an
overshoot increases with the increasing ki value for
the conventional PI controller. SDTG and SIPIC do

Fig. 8. Experimental comparison of speed control for the conventional
PI controller, SIPIC, SIPIC02, and SDTG with changing step
input under no load condition (speed=100rad/s, kp=5, ki=10)

Table 6. Rise time under no load condition

Table 7. Settling time under no load condition

not show any overshoot performance. The steady-state
integral prediction capability allows the controllers to
quickly return to the unsaturated or linear control state.

Both SDTG and SIPIC acquired a certain degree
of decoupling feature which enable the isolation of
the integral control of the controller. This enables

© 2008 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society
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Table 8. Percentage Overshoot under no load condition

inconsequential change in damping by changing the
value of kp and ki. On the contrary, SIPIC02 with
inseparable integral control (11) gives a drastic effect
on the damping ratio with increasing ki value due to
the coupling effect between kp and ki. The damping
ratio of the system exhibits a momentous change and
the response is determined by the effect of the coupled
kp and ki.

5.2. Loading Condition

Overall, loading causes all the control responses to
be slower compared to no loading case. By referring
to Fig. 9, it is observed that increasing the value
of kp or ki is able to reduce the rise and settling
time for all controllers. The conventional PI controller
shows a very high overshoot and long settling time.
The percentage of overshoot of PI controller increases
with increasing ki gain. In comparison between non-
switching controllers, SIPIC has the fastest response
time while SIPIC02 has the slowest response time.
SDTG does not have overshoot compared to PI due to
its faster controller in returning to non-saturated control
state and reaching the steady state integral control value
as shown by Fig. 10. TABLE 9 to TABLE 11 summarise
the response parameters of different controllers. Based
on the data shown in TABLE 11, despite SIPIC has
the fastest response time, this overly leads to the
occurrence of overshoots in SIPIC under certain cases.

In the meanwhile, the SDTG minimises the probability
of overshoot with slightly longer rise and settling
time. SDTG shows a similar speed and fast response
time to SIPIC. The results indicate as if SDTG is
the intermediate between the decoupled SIPIC and
coupled SIPIC02. The result shows that the coupling-
decoupling feature could manipulate the dependency
of the damping ratio on the tuning gains. In this case,
SIPIC, SIPIC02 and SDTG possess different degrees
of coupling-decoupling capability that could improve
one characteristic without introducing much changes
on the damping ratio. This can be explained from their
characteristic equations (10), (11) and (20) respectively
on how the tuning gains are allocated in different
configurations.

Fig. 9. Experimental comparison of speed control for the conventional
PI controller, SIPIC, SIPIC02, and SDTG with changing step
input under loading condition (speed=100rad/s, kp=5, ki=10)

Fig. 10. Controller output signal of speed control for the conventional
PI controller and SDTG with changing step input under loading
condition (speed=100rad/s, kp=5, ki=10)
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VI. Conclusions

An anti-windup PI controller with semi-
decoupling tuning gain (SDTG) without an adaptive
switching mechanism is proposed and compared to the
conventional PI controller, the existing non-switching
anti-windup PI controller with decoupling (SIPIC)
and coupling (SIPIC02) tuning gains. SIPIC02 with
coupling tuning gain is able to fully eliminate overshoot
in the performance due to its slow response time. SIPIC
is a robust controller which able to provide fast
response time but accompanied by a minimal overshoot
in the performance at loading case. SDTG is able to
compensate for SIPIC overly fast response time by
having a fast response time with no overshoot in the
performance. SDTG serves to be the intermediate range
between the coupled-decoupled tuning gains control.
The different degrees of coupling-decoupling should
gain interest for further study. The advantages would
be improving the range of flexibility in attaining more
desirable performances without much compromising
certain characteristics. Future work also focuses on the
study of optimisation of the anti-windup PI controller
with SDTG and the performance of SDTG using
different types of motors.
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