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Introduction
In industry, the model-following control system has been 

studied as a classical design technique by various researchers [1]. 
The model-following control has been researched and applied 
extensively worldwide and is often used when a control specification 
is imposed on the transient response characteristic to a reference 
input. This system aims to make the plant output follow a desired 
reference model output. The effectiveness of model-following 
control in various systems has been demonstrated [1-7]. However, 
the design methods of the systems are relatively complex, featuring 
large variations in the plant parameters. In an attempt to solve 
these problems, a design method based on the switching function 
in sliding mode control has been developed [8]. However, this 
design method has been proposed only for single-input single-
output (SISO) systems. In the present study, the model-following 
controller is extended to multiple-input multiple-output (MIMO) 
systems.

Moreover, there are decoupling problems in MIMO systems, 
which gives a one-to-one correspondence between the input and 
output. There are many reports concerning these problems, and basic 
important results are already known [9-12]. To solve the decoupling 
problems, specific design methods have been investigated, including 
those based on state feedback [13] and state decouplers [14-16]. 
However, most of these methods depend on the plant parameters, and 
large variations in the plant parameters make it difficult for the system 
to decouple. 

In this paper, a decoupling model-following controller was designed 
using the active disturbance rejection control (ADRC) method [17,18], 
which guaranteed independence from the plant parameters. In this 
manner, we achieved a model-following controller which was robust 
to parameter variations and could be easily decoupled, while adopting 
a relatively simple structure approach.

This paper is organized as follows. In Section 2, the structure of 
the MIMO–ADRC (Figure 1) is described. In Section 3, the design 
methodology for the decoupling model-following controller with 
ADRC is described. In Section 4, the effectiveness of the proposed 
method is confirmed with simulation results. In Section 5, the 
effectiveness of the proposed method for a DC motor is confirmed by 
experimental results. Section 6 presents the conclusion. 

Decoupling ADRC method in the MIMO System

In this section, the decoupling ADRC method in the MIMO system 
is explained (Figure 1).

The equations of the plant p-input and p-output are as follows:
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Figure 1: Structure of the ADRC.
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where y is the plant output, and u is the plant input. Plant parameters 
are defined as a and b. Then, by using unknown internal dynamics f, (1) 
is rewritten as follows:
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A new state variable is defined by
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and the manipulated variable is
1−=a au b u ,					                  (4),
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The observer for this system is described by
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Where f is estimated from the observer. Here L is obtained by the 
linear–quadratic regulator (LQR). Then, the manipulated variable is 
given as follows:

= −au v f ,					                     (7)

where v is a new manipulated variable. Therefore, (2) is given as
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Therefore, the transfer function between y and v is described by
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Model following controller

In this section, the design method of the model-following controller 
for the converted plant by ADRC is explained.

We state the space model to be as follows:
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the model input, 1( ) ×∈ p
m ty  is the model output, and ×∈n n
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in (18), the target value response in the system is described by
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Moreover, disturbance response is described by
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Using the final-value theorem, the system is not affected by 
disturbance. By similarly calculating the transfer function between ri 
and yi ( 2 )= i p , the whole target value corresponds to the model 
output.

Case 2: Third order plant and second order model

The manipulated variable v1 is described by
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By calculating the response in the same manner as Case 1, the 
target value response in the system is described by
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The Bode diagram of rediuG  and Gm is shown in Figure 3. Here the 
parameters that were used in the simulation study are listed in Table 1.
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The optimal gain G  is obtained by LQR. Figure 2 shows a block 
diagram of the two-input two-output system of the proposed method. 
Here the cases of the orders of the model and the plant being the same 
and different are considered.

Case 1: Second order plant and second order model

The transfer function between the target value r1 and the plant 
output y1 is described by the following equation:
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Figure 2: Example of the two-input two-output system.
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As shown in Figure 3, the cutoff frequency of rediuG  was fully larger 
than the cutoff frequency of Gm. Therefore, the following equation is 
obtained:

1.≅rediuG 					                 (26)

Simulation Results
In this section, the effectiveness of the proposed method is shown 

using the results of a simulation. The control system is simulated using 
MATLAB/Simulink.

In the case that the order of the plant is equal to the order of 
the model

An example of the coupled MIMO plant used in this simulation is 
described as follows:
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where 1 20.0ω = , 1 0.7ζ = , 2 10.0ω = , and 2 0.7ζ = . The model input 
r(t) comprises the step signal and the sine wave.
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The gain parameters are listed in Table 1. An input-side step 
disturbance of magnitude -0.1 was applied at time t=2.0. To show the 
robustness, the modeling error for the plant was set to be ±50% for the 
coefficients 11 12 13 14 21 22 23 24, , , , , , ,a a a a a a a a . The simulation results for 

G
ai

n 
(d

B
)

-200

-150

-100

-50

0

50

G_model

G_rediu

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

P
ha

ze
 (
de

g)

-180

-135

-90

-45

0

Bode Diagram

Frequency  (rad/s)

Figure 3: Bode diagram of Grediu and Gm.
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Parameter Value

IK
-1 0
0 -1

 
 
 

c 10 1 0 0 0
10 ×

0 0 1 0
 
 
 

L
3 6 -14 -10 10 -7

-14 -10 3 6 -7 10

4.308×10 9.283×10 -5.577×10 -1.802×10 1.00×10 -2.589×10
-5.577×10 -1.202×10 4.309×10 9.283×10 1.294×10 1.00×10
 
 − 

Table 1: List of the gain parameters used in section 4.1 and 4.2.
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Figure 6:  Output responses, y1, of the proposed method.
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Figure 7: Output responses, y2, of the proposed method.

the output responses y1 and y2 of the conventional method [19] are shown 
in Figures 4 and 5. The simulation results for the output responses  y1 and 
y2 of the proposed method are shown in Figures 6 and 7.

In the case that the order of the plant is not equal to the order 
of the model

An example of the coupled MIMO plant of the third-order system 
used in this simulation is described as follows:

11 12 13 14 15 16 11 12

21 22 23 24 25 26 21 22

( ) ( ) ( )
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0

( ) ( )
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0

1 0 0 0 0 0
( ) ( )

0 0 0 1 0 0

t t t

a a a a a a b b
t t

a a a a a a b b

t t

= +

   
   
   
   − − − − − −

= +   
   
   
   
− − − − − −      
 

=  
 

x Ax Bu

x u

y x



. 	              (30)

where

11 12 13

14 15 16

11 12

21 22 23

24 25 26

21 22

212.6789 0.567, , 1,
0.135 0.135
4.1552 , 0, 1,
0.135

2.1632 0.0428, ,
0.135 0.135

4.1552 , 0, 1,
0.135

42.6293 0.567, , 1,
0.135 0.135

0.0530 1.2858, .
0.135 0.135

= = =

= − = =

= =

= − = =

= = =

= =

a a a

a a a

b b

a a a

a a a

b b

The same model and the same model input as those described 
in Section 3.1 were used. The gain parameters are listed in 
Table 1. An input-side step disturbance of magnitude -0.1 was 
applied at time t=2.0. To show the robustness of the method, the 
modeling error for the plant was set to be ±50% for the coefficients 

11 12 13 14 15 16 21 22 23 24 25 26, , , , , , , , , , ,a a a a a a a a a a a a . The simulation 
results for the output responses y1 and y2 of the proposed method are 
shown in Figures 8 and 9.

Experimental Study
In this section, the effectiveness of the proposed method is shown 

by the experimental results with a MIMO system. A DC motor [20] was 
virtually extended from the SISO system to the MIMO system since 
only SISO equipment was available in the laboratory.

The experimental control system is shown in Figure 10 and 
comprises a DC motor, an encoder, a counter that measures the 
information from the encoder, a host PC that transmits the control 
information, a target PC that calculates the manipulated variable, and 
a D/A converter.

First, the control signal used to move the DC motor was transmitted 
from the host PC to the target PC and then to the D/A converter, 
which had a resolution of 12 bits. Next, the output of the motor was 
transformed into a pulse of phases A and B by the encoder, which had 
a resolution of 1.534 × 103 radians/count. The counter measured these 
pulses and transmitted the positional signal to the host PC through the 
target PC. In Figure 10 shows the DC motor used in the experimental 
study, which was made by the PID Corporation (PID-QET ii). The 
motor was equipped with an inertial load disk with a radius of 0.0248 
m and a mass of 0.068 kg. The control plant was identified by the step 
response method as follows:

2( ) ,=
+
bG s

s as
				                (31)

where 10.78=a  and 339.6=b .

Moreover, a DC motor was virtually extended from the SISO 
system to the MIMO system. As shown in Figure 11, a DC motor was 
part of the system. Control object 1 is a DC motor, and the transfer 
function of control object 2 is

2

2 2 .
2

p

p p ps s
ω

ζ ω ω+ +
				                  (32)

The gain parameters were

11 12 21 221, 0.1, 0.1, 1, 0.7, 10.ζ ω= = = = = =p pk k k k                         (33)

The experimental results for the output response are shown in 
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Figure 9: Output y2 in the case that the order of the plant is not equal 
to the order of the model.
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Figure 10: Schematic of the motor control system.
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Figure 8: Output y1 in the case that the order of the plant is not equal 
to the order of the model.
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Figure 13: Experimental results for the output response, y1, of the 
MIMO system.
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Figure 12: Structure of the two-input two-output system.

Figure 11:  Photograph of the DC motor used in this work.

Figure 12. The effectiveness of the proposed method was confirmed 
by the experimental results to be similar to those predicted by the 
simulation. 

Conclusions
In this paper, we have proposed a model-following control system 

design method that is independent of the plant parameter MIMO 
systems. The proposed method can prevent the influence of an input-
side disturbance and is robust against parameter changes. Furthermore, 
it becomes decouplable in the case of MIMO systems. The effectiveness 
of the proposed method was confirmed by simulation studies in Section 
4 and by the experimental results for positioning control with a DC 
motor in Section 5.
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