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1. INTRODUCTION

Systems with more than one controlled output and

command input are called multivariable or multiple-input,

multiple-output (MIMO) systems. The modern domestic

and industrial equipments such as airconditioners, lathe,

and CNC machines are examples of MIMO systems. The

airconditioners use advanced fuzzy logic controllers to

achieve the automation and high degree of cooling resulting

in better performance in terms of higher air flow and wide

swing control yet maintaining the low power consumption.

Lathe and CNC machines require multiple parameters control

to achieve precise control of both horizontal and vertical

axes movements. Modern cameras employing object tracking

and capturing high resolution pictures also need quicker

movement and precise focusing of lens. This is also another

case of MIMO system requiring multiple parameter control.

Two single-input, single output (SISO) control systems

are coupled, resulting in a multivariable system, to produce

a two-input, two-output control system.  Angular position

and rotational speed control of dc motors find extensive

applications in the areas of defence, science, and industry

such as remote sensing using satellite system, vision and

motion control, radar tracking, missile guidance, antenna

positioning, camera positioning for view finding, nuclear

isotope handling machine, robotic arm control for path

finding, object picking, placing, and packaging, etc. The

radar-tracking system requires the precise control of both

position and speed of the target to be tracked which vary

in an unpredictable manner. An automobile driving system

is also another example of a MIMO system, which requires

both steering position and vehicle speed control. These

have motivated the authors to design and implement the

integrated fuzzy logic controller (IFLC-based MIMO system

set-up in the laboratory. These two parameters, i.e., angular

position and rotational speed of the dc motors have been

controlled precisely using IFLC implemented on a PC.

Although fuzzy control theory has been successfully

employed in many control applications1-9, its control strategies

were mostly designed for SISO systems, and for few MIMO

systems with only simulation studies. Lian and Lin10 proposed

a mixed fuzzy controller (MFC) for a MIMO two-link robotic

system to overcome the coupling effects between the

degrees of freedom. They presented the simulation results

to improve the control performance. Lanas11, et al proposed

two independent fuzzy controllers in control of a MIMO

system. They considered a mixing tank with two parameters

(as liquid level and liquid colour) and studied the performance

of the controller. The simulated results justified the performance

of their proposed controller. Soriano12, et al presented a

methodology for controlling a MIMO system using fuzzy

logic controller. They developed the defuzzification based

on Boolean relations (DBR) and showed that DBR allows

implementing fuzzy controller with less computational cost.

The control performance was compared with their simulation

studies. In all the above-mentioned literature, the simulation

studies were reported to justify their proposed work. An
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attempt has been made to apply the IFLC for a real-time

MIMO control system. The real-time graphs are presented

and performance of the system is compared with other two

controllers, viz., PIDC, and FLC. The IFLC was proved to

be a better controller.

2. DESIGN  OF  INTEGRATED  FUZZY  LOGIC

CONTROLLER

The basic IFLC configuration is shown in Fig. 1, where

FLC is used in a supplementary role to enhance the existing

PIDC. Since FLCs are easy to realise, the system behaviour

can be easily redesigned by modifying the fuzzy logic

rules. One does not have to redesign the existing control

system hardware to acquire satisfactory response during

the change of load conditions and appearance of disturbances/

noise.

Fuzzy logic uses membership functions to define

the degree to which crisp physical values belong to terms

in a linguistic variable set. The FLC consists of mainly

three basic components, namely, the fuzzification stage,

fuzzy inference engine (rule base), and defuzzification stage,

reported by Cox13. The fuzzy inference engine is the heart

of the FLC and it comprises both the knowledge base and

decision-making logic. The fuzzification stage converts

real number input values into fuzzy values. The knowledge

base consists of a database with necessary linguistic variables

(rule set) and decision-making logic used to decide what

control action is to be taken. The fuzzy inference engine

processes the input data and computes the control outputs

using IF and THEN rules. These outputs, which are fuzzy

values, are converted into real numbers in the defuzzification

stage.

The two-input-one-output FLC is designed for the

present application. The inputs to the FLC are error e(t)

= (set-point–measured value)/set-point, and change-in-

error ce(t) = (present error – previous error). These two

inputs are defined on a universe of discourse with the

nine membership functions (NL, NM, NS, NZ, ZE, PZ, PS,

PM, and PL). The output of the FLC is cu(t).The inputs

and controlled output of the FLC are described by Eqns

(1) to (3) as

E = e(t) = r(t) – y(t)                                   (1)

CE = ce(t) = e(t) – e(t-1)                           (2)

CU = cu(t)                                            (3)

The triangular membership function was used to fuzzify

the error and change-in-error. The error and change-in-

errors are mapped between –1.0 and +1.0 on the universe

of discourse. The membership boundaries for error, change-

Figure 2. Triangular 9-membership functions of IFLC for (a) error, (b) change-in-error, (c) control output for position, and (d) control

output for speed.

Figure 1. Block diagram of integrated fuzzy logic controller.
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in-error, and control output are shown in Fig. 2. The inference

process of the FLC relates the fuzzy state variables e(t)

and ce(t) to the fuzzy controlled action cu(t) with the help

of linguistic rules.

The decision-making logic picks up appropriate control

action for the process.

The PIDC algorithm is implemented with the following

well-known PID difference equation given by the Eqn (4):

V
n
=K

p
(e

n
–e

n–1
) + K

i
e

n
T + K

d
/T[(e

n
–2e

n–1
+e

n–2
)]      (4)

where, V
n
 is the control action, e

n
, e

n-1
, and e

n-2 
are the

present, previous, and  previous to previous errors respectively,

K
p
, K

i
, and K

d
 are proportional, integral, and derivative

constants respectively, and T is the cycle time.

3. IFLC -BASED  MIMO  CONTROL  SYSTEM

DESIGN

The design of an uncoupled MIMO fuzzy control

system is discussed. The design scenario presented here,

although not specific to a particular application, the test

bed under study may be viewed as a general philosophy

for integrated fuzzy logic controller design where one is

concerned with improving the performance of the system

by combining the conventional controller (PID) with fuzzy

logic controller.

The IFLC control strategy for two SISO control systems

(angular position14, and rotational speed15) was first developed

and studied individually. Later, the same control strategy

was applied for a MIMO system (combination of these

two SISO systems) and performance analysis was studied

for various input test conditions. The comparative study

of PIDC, FLC, and IFLC was done for test input commands

such as step, square, triangular and sine. The PIDC parameters

were selected manually by trial and error method for optimum

performance. The best tuned PIDC is finally employed as

the control strategy. Similarly, the control rules for FLC

were also defined manually based on the earlier expertise.

Performance-based tuning was adopted in this design.

The best tuned PIDC and FLC were then used to design

an IFLC. Figure 3 presents the block diagram of IFLC-

based MIMO control system used for controlling the angular

position of dc micromotor (DCMM) and rotational speed

of permanent magnet dc motor (PMDCM). The control of

this MIMO system is accomplished first by a FL control

system and followed by a conventional PID control system.

The system has two inputs and two outputs. The

term uncoupled is used since the controllers operate

independent of each other. No information is transferred

between the two motor controllers. We thus consider the

system as MIMO system made up of two separate SISO

systems. In Fig. 3, r
p
(t) and r

s
(t) denote the desired position

in degree and speed in rpm of the motors, respectively,

and y
p
(t) and y

s
(t) denote their respective values at time

t, as measured by the respective sensors. The inputs to

the MIMO controller are the position error of the DCMM

shaft e
p
(t), and  its derivative, i.e., ce

p
(t), and the speed

error of the PMDCM shaft e
s
(t), and its derivative, i.e.,

ce
s
(t). These were chosen as the input variables of an

IFLC MIMO system. These control inputs are defined as:

e
pn

(t) = r
p
(t) – y

p
(t)                                    (5)

ce
p
(t) = e

pn
(t) – e

p(n–1)
(t)                             (6)

e
sn

(t) = r
s
(t) – y

s
(t)                                    (7)

ce
s
(t) = e

sn
(t) – e

s(n–1)
(t)                                 (8)

where, r
p
(t) is the reference angular position input in degree,

y
p
(t) is the measured angular position input, e

pn
(t) is the

present angular position error, e
p(n–1)

(t) is the previous

angular position error, and ce
p
(t) is the change in angular

position error all measured in degree.

Similarly, r
s
(t), y

s
(t), e

sn
(t), e

s(n-1)
(t), & ce

s
(t) are the

respective variables in rpm of speed control system. The

two outputs of this controller are cu
p
(t) and cu

s
(t) which

drive the respective motors to the desired values.

In the present application, the best-tuned PIDC with

K
p
=10.0, K

i
=260.0, K

d 
=1.0, and T=0.05s is used for controlling

the position parameter and similarly K
p
=1.5, K

i
=5.5, K

d

=0.05, and T=0.05 s is used for controlling the speed

parameter.

4. EXPERIMENTAL  SETUP

The circuit schematic of the experimental system is

shown in Fig. 4. Faulhaber DCMM was used for angular

position control and PMDCM unit from LUNAR Motors

Pvt. Ltd. India was used for rotational speed control. The

motors specifications are presented in Appendix. The MIMO

system consists of PC (Pentium IV), MCAIB (an indigenous

16-bit multichannel analog interface board, designed by

the authors16, was used as the interface for implementation

of digital controller. The board was interfaced to PC through

parallel port), position control system, and speed control

system.

The position control system consists of DCMM with

gear head, position sensor, and driver. The angular position

was sensed by a special rotational servo potentiometer.

The output voltage of potentiometer varies with the movement

of the shaft and is directly proportional to the angular

position of the motor. This analog voltage was acquired

and digitised by MCAIB. The acquired data was converted
Figure 3. The block diagram of integrated fuzzy logic controller

for a MIMO system.
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into actual angular position of the motor in terms of degree.

To control the angular position of the motor, the measured

position was subtracted from the desired position to get

the error and the change-in-error. These errors were applied

to PIDC, FLC, and IFLC algorithms to produce the control

action. The control output, through MCAIB and driver,

controls the power to the motor to bring its shaft to the

desired position. This process is continuously in the loop

and finally brings the DCMM shaft to the desired angular

position.

The speed control system consists of PMDCM, speed

sensor, and driver. The optical encoder converts the speed

of the motor into corresponding frequency by the slotted

disk attached to the shaft. The frequency of these pulses

was further converted into proportional voltage by an F/V

converter constructed using LM2907. The output voltage

of F/V converter is directly proportional to the speed of

the motor. This proportional voltage is acquired by PC

through MCAIB. PC processes the data, and generates

control action through MCAIB and driver to bring the

motor to the desired speed. The photograph of the experimental

setup is shown in Fig. 5.

5. RESULTS  AND  DISCUSSION

Three control schemes were tested for different input

commands for proposed MIMO system. Several experimental

results are presented in the form of graphs and tables to

justify the performance of the proposed controller. The

effectiveness of this controller for angular position control

of a DCMM and rotational speed control of a PMDCM

is evaluated for (step of 100° for angular position, and

5000 rpm for speed) various standard input test commands

such as step, square, triangular, and sinusoidal waves.

Figs 6(a), 6(b), 6(c), and 6(d) show the comparative responses

of three controllers for step, square, triangular, and sinusoidal

waves, respectively for position parameter. Tables 1(a)

and (b) present the comparative study of different controllers

for linear and nonlinear inputs respectively.

Similarly, Figs 7(a), 7(b), 7(c), and 7(d) show the

comparative responses of three controllers for step, square,

triangular, and sinusoidal waves, respectively for speed

parameter. Tables 2(a) and 2(b) present the comparative

study of different controllers for linear and nonlinear inputs

respectively.

Comparing the transient responses of the three controllers

for a step input, it clearly demonstrates that the rise time

of IFLC is quicker than the other two controllers for this

MIMO system.

Controller 

Response     

PIDC FLC IFLC 

Tracking Performance Better Good Best 

Controller 

Response     

PIDC FLC IFLC 

Rise time (s) 0.69 0.54 0.5 

Overshoots/Undershoots (°) 0.43/0.4 0.7/0.27 0.42/0.23 

Steady state error (s) 0.57 0.59 0.22 

Controller 

Response     

PIDC FLC IFLC 

Tracking Performance Better Good Best 

Controller 

Response     

PIDC FLC IFLC 

Rise time (s) 1.21 1.02 0.94 

Overshoots/Undershoots (rpm) 5.52/6.74 5.46/7.64 5.01/3.94 

Steady state error (s) 4.5 2.98 2.4 

Figure 5. Photograph of experimental setup.

Table 1(a). Linear inputs (triangular and sine) for position parameter

Table 1(b). Nonlinear inputs (step and square) for position parameter

Table 2(a). Linear inputs (triangular and sine) for speed parameter

Table 2(b). Nonlinear inputs (step and square) for speed parameter
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Figure 6. Responses of PIDC, FLC, and IFLC of: (a) step input for position parameter, (b) square input for position parameter,

(c) triangular input for position parameter, and (d) sine input for position parameter.

(a)

(b)

(c)

(d)
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Figure 7. Responses of PIDC, FLC, and IFLC of (a) step input for speed parameter, (b) square input for speed parameter,

(c) triangular input for speed parameter, and (d) sine input for speed parameter.

(a)

(b)

(c)

(d)
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6. CONCLUSIONS

In this study, the real time implementation results

show that the approach of using IFLC to control a MIMO

system can give good results. The plant used for the

study consists of two decoupled DC motors. Two parameters,

angular position and rotational speed, are controlled

simultaneously. The proposed controller proves to be the

best when compared to the other two in tracking the input

command and in respect of various response characteristics.

It is evident from the results that the FLC has better

transient response, and PID has better steady-state response.

Thus, the combination of these two, i.e., IFLC, has the

combined effect of improved rise time with decreased steady-

state error. Because of this, IFLC shows better performance

in case of both linear and nonlinear input commands.

Further, the same plant can be subjected to investigate

the performance under the coupled conditions, IFLC with

higher memberships, and artificial neural network control.

Results can then be compared to those presented in this

study.
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Specifications of Faulhaber DCMM 2642W012CR 

Size 26 mm outer diameter, and 42 mm length 

with 4 mm shaft diameter 

Normal voltage 12 V 

Output power  22.1 W 

Efficiency 78 % 

No load speed 6400 rpm 

No load current 0.118 A 

Rated torque    28 m Nm 

Angular acceleration 120 x 103 rad/s2 

Operating temperature range -30 to +125 °C 

Commutation Graphite 

Housing material Steel, black coated 

Weight 114 g 

 

Specifications of Faulhaber Planetary Precision Gear head 26A 

Size 26 mm outer diameter, and 44.3 mm length 

without motor with 6 mm shaft diameter 

Weight 25 g 

No. of gear stages 4 

Speed reduction ratio 124:1 

Efficiency 61 % 

Output torque    900 m Nm for continuous operation 

1400 m Nm for intermittent operation 

 

Specifications of PMDCM 

Size 35.7 mm outer diameter, & 57.0 mm length 

with 2.3 mm shaft diameter 

Normal/Rated voltage 12 VDC 

Power  46.7 W 

No load speed (max) 10500 rpm 

No load current (max) 0.270 Amp 

Commutation Carbon Brush 

Housing material Steel 

Weight 205 g 

Torque 83.0 g-cm 

Part Number No: CR-505-BS-2835 
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