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Preface
This book is written for readers who already have learned the control theory.
The basics of the feedback control you can find in books [15-30], which are
mentioned in the literature (see page 149). These classical methods are well
known and widely used.
Generally the feedback control systems design takes several different forms:
in time-domain, when a control system is described with differential
equations or with state space equations.
in s-domain, when the Laplace-transformation and transfer functions of
similar blocks are used. Coupling them in the block diagram of the closed
control loop you we optimally adjust the damping or we can shift poles of
transfer function to desired places.
in frequency domain, when frequency responses such as Nyquist-plot or
Bode-plot are used for controller tuning.
In this book you will find a new, non-traditional approach to the representation of transfer functions as elements of a bus-system. The bus proposed for
this purpose in this book is not a real fieldbus like PROFIBUS, but a symbolic one, which could be simulated with MATLAB/Simulink.
For a simple control loop with only one controlled value (chapter 1) the busapproach has not many advantages against traditional block diagram. But the
use of the bus-approach for MIMO-Control (Multi Input Multi Output) has
many advantages. In chapters 2 and 3 the MIMO-systems are first described
with traditional methods, known in the literature. If you have already studied
these methods, you can immediately go to chapters 4, 5, 6, in which you will
find the applications of the bus-approach to MIMO-control.
With bus-approach it is possible to tune controllers avoiding methods of
state space control and to realize the MIMO-control without D-terms (derivative actions), New blocks, MIMO-Routers, are developed, which promise
to challenge the traditional decoupling control.
I am sure that you will be surprised how easy is to
handle the MIMO-systems of second-order or of
higher order with the bus-approach. If you will use or
develop further this approach, a reference to this book
is obligatory, because this is the first publication about
bus-approach.
Wiesbaden, 30th of January 2014

Serge Zacher
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1 What is Bus-Approach?
In this chapter is explained on simple examples, what is the busapproach. There are no essential advantages for such simple control
loops, but for the complicated systems like MIMO-control (MultiInput Multi-Output) bus-approach is "too good to be true", as it is
shown in chapters 4, 5 and 6.

1.1 Simple Closed Loop
Let us discuss the simple loop, shown in Fig. 1.1. The loop consists of
a plant with the transfer function GS(s) and the controller with the
transfer function GR(s).
w(s)

e(s)

+

−

Figure 1.1

GR (s)

y(s)

GS(s)

x(s)

Block diagram of a simple closed loop

The bus-approach means that blocks of the control loop are connected
through a bus (Fig. 1.2) like local devices. The bus is of course not a
real fieldbus, but a symbolic connection, which links the controller to
the plant. In Fig. 1.2 is not shown the connection between two wires
x(s) on the left and on the right sides, but it is the same bus with x(s)
connections. On this way is mentioned the feedback of the Fig. 1.1.
x(s)

y(s)

w(s)
+
−

Figure 1.2

e(s)

x(s)

GR (s)
GS(s)

Bus-approach for the simple closed loop
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1 What is Bus-Approach?

1.2 Simple Closed Loop with Disturbance
If a step of disturbance z(s) is applied to the loop of Fig. 1.8 and the
step of set-point is supposed w(s) = 0, then such behaviour of the loop
is called disturbance behaviour.

z(s)
w(s)
+

e(s)
−

GR (s)

x(s)

y(s)

x(s)

GS(s)

x(s)

Gvw(s)
y(s)

w(s)
+

e(s)

−

Gvz(s)
z(s)

GR (s)

+
+

GS(s)

G0(s)
Figure 1.8

Closed loop with disturbance z(s) and reference value w(s)

The transfer function Gz(s) of the disturbance behaviour is the relation
between the way Gvz from the input z(s) till right bus x(s) divided by
one plus the way G0 from the left bus wire x(s) to the right wire x(s):
Gvz ( s ) = GS ( s )
G0 ( s ) = GR ( s )GS ( s )
Finally:
Gz ( s ) =

x( s)
GS ( s )
=
z ( s ) 1 + GR ( s )GS ( s )

Gz ( s ) =

x( s)
G ( s)
= vz
z ( s ) 1 + G0 ( s )
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1 What is Bus-Approach?

1.3 Disturbance Compensation
In Fig. 1.9 is shown the MATLAB/Simulink-model of the previous
example and its step response, when the step of set point wˆ = 1 is
given bei t = 0,5 s and the disturbance zˆ = 2 is applied by t = 30 s.

Figure 1.9

Step response of the closed loop with P-Controller

With the disturbance compensator GRz(s), shown in Fig. 1.10, it is
possible to eliminate the influence of the disturbance z.
The compensator GRz(s) is calculated so, that after a step of disturbance z the condition x(s) = 0 will be fulfilled.

1.6 Redundant Control
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1.6 Redundant Control
The plant given below is controlled with the PI-controller. The parameters of the controller are adjusted by magnitude optimization:
GS ( s ) =

K PS
(1 + sT1 )(1 + sT2 )

GR1 ( s ) =

K PR1 =

K PR1 (1 + sTn1 )
sTn1

with KPS= 0,8; T1 = 2 s and T2 = 5 s

with Tn1 = T2 = 5 s

Tn1
5
=
= 1,56
2 K PST1 2 ⋅ 0,8 ⋅ 2

Let us suppose that a redundant PI-controller is used to increase the
safety of control. The redundant controller GR2(s) has the same parameters as the first controller GR2(s) and is connected to the loop as
shown in Fig. 1.14.

Figure 1.14

Redundant control with two intact controllers
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3 MIMO-Control
3.1 Introduction
3.1.1 Transfer Function versus State Space Model
The commonly used representation of dynamic systems based upon
input/output relationship in form of transfer functions. The theoretical
tools for such systems are Laplace-transformation resulting in characteristic equations, poles and zeros, or in the frequency domain with
characteristics like Nyquist- and Bode-plot.
The methods of controller design for systems described with transfer
functions are well known. But for plants with multiple inputs and outputs (MIMO-plants) these methods are according to literature not efficient. The mainly used tool for design of MIMO-controllers is the
state space representation in the time domain. Instead of transfer functions the state space equations will be used; instead of controller the
state feedback will be applied. The tuning of state feedback is done
upon pole placing method, which is easy to apply with the commands
of MATLAB. But there are known other types of feedback like output
feedback, feedback with I-term, set-point feedback or disturbance
feedback, the tuning of which is not as easy as the pole placing.
Even if the transformation of commonly used transfer functions into a
state space models is done, the next problem is, that state feedbacks
consist only of gains, which are not able eliminating the state error of
the system. To improve it the scaling factor will be used or an integral
part will be added to the state feedback. It is also possible to put a
standard PI-controller in the loop with state feedback, but the design
methods for it are not as easy as for the state feedback. The next problem of state space models are their structures, which differ from real
industrial plants. The block diagrams with transfer functions have the
same elements as the real plant, that's why it is easy to use them.
In this book we will avoid the state space representation of MIMOplants and will discuss only methods of MIMO-controller tuning
based upon transfer functions.

3.3 Decoupling MIMO-Control
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3.3 Decoupling MIMO-Control
3.3.1 What is Decoupling?
A MIMO-plant in P-canonical form consists of main blocks G11(s),
G22(s) and of coupling blocks G12(s), G21(s) (Fig. 3.6). They are elements of the plant matrix GS(s).
y1

G 11

G2

x1

1

G 12

y2

Figure 3.6

G 22

GS ( s ) =

x2

G11 ( s ) G12 ( s )
G22 ( s ) G21 ( s )

MIMO-plant in P-canonical form with two channels

The separate controllers used for decentralized control and for diagonal control (Fig. 3.7) mentioned in the previous chapter are diagonal
matrices with main controllers GR11(s) and GR22(s):

GR ( s ) =

w1

−

e1

+
w2
+

e2

−

Figure 3.7

GR11 ( s )
0
0
GR 22 ( s )

G R11

G R22

y1
G2

y2

G 11

x1

1

G 12

G 22

Decentralized and diagonal MIMO-control

x2

3.3 Decoupling MIMO-Control
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In the following we will see how the decoupling control for MIMOplants with two input/output variables is described in the literature,
based upon block diagrams with transfer functions. It has two reasons,
why we limited the description with two signals:
The MIMO-plants with more then two input/output signals are analysed in the literature only with state space models in the time domain. I didn't found any example of decoupling MIMO-control
based upon transfer functions even with three input/output variables.
It is practically very difficult even to draw a MIMO-plant with
more then two input/output signals with transfer functions using
classical approach. Such block diagram will be voluminous and unclear for use.

3.3.2 P-canonical Plant with P-canonical Controller
Two different signal ways from the upper loop to the lower loop 1-23-4 should be equal to eliminate the influence of the upper loop on the
lower loop (Fig. 3.9).
w1

−

e1

+

GR1(s)

y1R
1

2

+

y1

G11(s)

−

+
G12(s)

GR12(s)
2

GR21(s)
w2

+

e2

−

GR2(s)

Figure 3.9

−

y2R

+

x1

+

3
y2

3

G21(s)
G22(s)

+

+
4

P-canonical form of controller with P-form of the plant

That means:

GR 21 ( s )G22 ( s ) y1R ( s ) = G21 ( s ) y1 ( s )

x2
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4 Bus-Approach for MIMO-Control
4.1 MIMO-Plant with Bus
The bus-approach was introduced in chapter 1 for simple closed loops.
Here we will apply it to MIMO-plants. The conventional block diagrams and corresponding bus systems are shown in Fig. 4.1 and 4.2
for simple MIMO-plants with two inputs und two outputs. Functionally the bus-approach is similar to the conventional block diagram; but
it has one important feature, namely its graphical representation.
y1

G11

x1

+

y1

x1

G22(s)

+ x2
+

+

x2
+

G21(s)

y1

y1

+

G11

x1

V12

+

G22

y2
+

+

y2

x2

G11(s)
V12(s)

y1

V21

Figure 4.2

+

P-canonical form of MIMO-plant with n = 2

Figure 4.1

+

+

x2

G12(s)

y2

G22

y2

x1
G11(s)

G21

+

y2

+

G12

y2

y1

+

+

G22(s)
V21(s)

V-canonical form of MIMO-plant with n = 2

x1 x
2

x1
x2

4.1 MIMO-Plant with Bus
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The bus-approach allows easy drawing of block diagrams for MIMOplants, as it is done in Fig. 4.4 and Fig. 4.5 for n = 4 inputs/outputs for
MIMO-plants in P- and V-canonical forms. With the bus-approach it
is easy not only to draw the structure of MIMO-system, but also to
follow the signal ways directly on the system structure without voluminous mathematical operations.

y1 y2

y3 y4

x1x2
G11
G12

x3 x4

+ + +

G13
G14
G22
G21
y1
y2
y3
y4

+ + +

G23

x1
x2
x3

G24
G33
G31

x4

+ + +

G32
G34
G44
G41

+ + +

G42
G43

Figure 4.4

Plant in P-canonical form with n = 4 with bus-approach
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4.5 Decoupling Control with Bus-Approach
In the chapter 3 we have seen, how to adjust the main controllers GR11,
GR22 and how to define the transfer functions GR12, GR21 by decoupling control of MIMO-systems with two input/output variables (n = 2).
We have also seen that the design of decoupling control for MIMOplants with more then two inputs/outputs is possible only with tools of
state space control, not with methods based upon transfer functions.
In this chapter we will use the bus-approach for decoupling control using only methods of transfer functions, not state space representation.
Beginning from MIMO-systems with two inputs/outputs we will apply
the bus-approach to design the decoupling control for systems of
higher order.

4.5.1 P-canonical Plant with V-canonical Controller
The main controllers are indicated in Fig. 4.20 as R1, R2 and the decoupling controllers as R12, R21. The main controllers R1 and R2 will be
tuned to optimize each separate loop. The transfer functions of decoupling controllers R12 and R21 will be defined to compensate two
different signal ways from the upper loop to the lower loop.

x1
x2

w1
+

−

x1
x2

y2
y1
e1

R1

−

R12
G11

+

+

a12
w2
+

−

e2

R2

−
+

R21
G22
a21

Figure 4.20

+

+

+

Bus-Approach for decoupling control with two variables
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An example of decoupling control with bus-approach is shown in Fig.
4.22. The decoupling is perfect (Fig. 4.23).

Figure 4.22

Plant in P-canonical form with decoupling controller in Vcanonical form is stable and decoupled by C0 < 1

Figure 4.23

Step responses of simulated decoupling control with n =2

4.5 Decoupling Control with Bus-Approach
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4.5.3 Decoupling MIMO-Control with n =4 Variables
Let us discuss the following example of a MIMO-plant GS(s), which
will be controlled with R(s):
2
2s + 1
2
5s + 1
GS ( s ) =
4,5
2s + 1
3
7s + 1

K IR1
s
R( s ) =

5
4s + 1
4
3s + 1
2,5
5s + 1
1
3s + 1

3
6s + 1
7
8s + 1
1
s +1
4
s +1

1
s +1
5
2s + 1
2
6s + 1
5
4s + 1

GR12 ( s ) GR13 ( s ) GR14 ( s )

GR21 ( s )

K IR2
s

GR31 ( s ) GR32 ( s )

GR23 ( s ) GR24 ( s )
K IR3
s

GR41 ( s ) GR42 ( s ) GR43 ( s )

GR34 ( s )
K IR4
s

A part of the MIMO-control system is shown in Fig. 4.29. The gains
of main controllers we will adjust by the magnitude optimization:
G01 ( s ) =

K IR1
2
⋅
s 2s + 1

K IR1 =

1
= 0,125 sec−1
2 ⋅ 2 ⋅ 1 sec

G02 ( s ) =

K IR2
4
⋅
s 3s + 1

K IR2 =

1
= 0,042 sec−1
2 ⋅ 4 ⋅ 3 sec

G03 ( s ) =

K IR3 1
⋅
s s +1

K IR3 =

1
= 0,5 sec −1
2 ⋅ 1 ⋅ 1 sec

G04 ( s ) =

K IR4
5
⋅
s 4s + 1

K IR4 =

1
= 0,025 sec −1
2 ⋅ 5 ⋅ 4 sec

4.5 Decoupling Control with Bus-Approach
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Simulating MIMO-system with these values we can confirm the optimum control and the best decoupling (Fig. 4.30).

Step responses of decoupling control with n =4

Figure 4.30

Note, that the MIMO-system with the decentralized control for the
same plant is unstable, because some of the static interactions C0 are
greater as one:

C0 =

0

2,5

0,5

0

1,5

0,5

1,75 1,25

4,5 2,5

0

2

0,6 0,2

0,8

0

The MATLAB/Simulink model of the MIMO decoupling control with
controllers, adjusted above, is shown in Fig. 4.31.
The x-bus has 4 input and 4 output signals; the y-bus has 4 input signals and 28 output signals.
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Figure 4.31

4 Bus-Approach for MIMO-Control

Decoupling control of MIMO-plant with n = 4

4.6 Structures of decoupling Control
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4.6 Structures of decoupling Control
Until now we discussed the MIMO-loops, consisting of the MIMOplant in P-canonical form and the decoupling controller in Vcanonical form. Further combinations of plants and controllers in different canonical forms are described in the following.

4.6.1 P-canonical Plant with P-canonical Controller
By this option (Fig. 4.32) the inputs of the plant y1 and y2 differ from
the main controllers output signals yR1 and yR2. The decoupling based
upon the assumption, that these signal are equal:
y1 = yR1
y2 = y R 2
The assumption of the equality of controller outputs yR1 and yR2 and
actuating signals of the plant y1 and y2 is correct only by steady states,
when both loops are decoupled one from another, because by the
complete compensation no signal flows from one loop to the other.
x1
x2

yR1

w1

y2

yR2

+

4

R1

−

+
3

w2
+
−

Figure 4.32

R12

G11

−
1
9

R2

+
8

x1
x2

y1

R21

−
6

5
+

a12

2

G22

10
+

a21

7

+

+

Bus-approach: P-canonical plant with P-canonical controller
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4.7 Decoupling Control versus State Space Control
4.7.1 From Transfer Function to State Space Model
Plants of industrial control are technological devices and processes.
Mathematically they are described with differential equations or with
transfer functions, with their poles and zeros. Also they are described
with frequency responses and their characteristics like Nyquist-plot,
Bode-plot. The tuning of controllers for such plants with only one input and one output is easy and well known. But for MIMO-plants,
which have many inputs/outputs, as shown in Fig. 4.38, the tuning of
controllers with transfer functions is complicated.
y1
G2

1

G 12

y2

Figure 4.38

x1

G 11

GS ( s) =

x2

G 22

G11 ( s) G12 ( s )
G22 ( s) G21 ( s )

Industrial MIMO-plant described with transfer functions

Plants of mechatronics and robotics are usually MIMO-plants with at
least two or three output variables. These variables are position, velocity and acceleration. Such MIMO-plants are mathematically described
with state space models, consisting of matrices A, B, C, D (Fig. 4.39).
u

.

x
B

x

+
A

Figure 4.39

y
C

x= Ax+Bu
y=C x+Du

MIMO-plant described with state space model
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5 Decoupling Control Recipes
In the previous chapters was shown, that bus-approach allows to design the MIMO-control using transfer functions and to extend it for
MIMO-systems higher order. With bus-approach it is possible to
check the stability and to tune main controllers avoiding mathematical
methods of state space control. It is also easy to decouple the MIMOcontrol only following the signal ways on the block diagram.
Let us overview now some problems, which take place by decoupling
control, and describe methods, how to solve these problems.

5.1 D-Terms
5.1.1 D-Terms Problem
P-canonical form is typical for industrial MIMO-plants. The main
plants of such MIMO-plants are mostly P-T1, P-T2, P-T3 or even
dead time blocks P-Tt with big delay time constants.
The transfer functions of decoupling controllers in V-canonical form
for such plants in P-canonical form, e.g. for plants of 2nd order
R12 ( s ) =

a12 ( s )
a (s)
and R21 ( s ) = 21
G11 ( s )
G22 ( s )

are build with reciprocal transfer functions of the main plants G11(s)
and G22(s). It leads to the big values of D-terms (derivative algorithms) by decoupling controllers, which are not to realize, because
the order of numerator of the transfer function is greater as the order
of the denominator.
To do the control realizable we should complete the transfer functions
of decoupling controllers with some small delay time constants. The
order of the denominator wil increases and will be equal to the order
of numerator, as it is shown in Fig. 5.1.
But the decoupling conditions for R12 and R21 were disturbed and as a
result the decoupling is not complete (Fig 5.2).

5.1 D-Terms

Figure 5.2
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Step responses of decoupling MIMO-control with D-terms

D-terms disturb the MIMO-control even more, if decoupling controllers are in P-canonical form. For example the control system with Dterms, shown in Fig. 5.3, is unstable.

Figure 5.3

Unstable system by P-canonical controllers with D-terms
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6 New Generation of Decoupling MIMO-Control
Bus-approach is a way to describe the MIMO-systems from the new
point of view using terms and definitions of industrial automation busses. In the previous chapters the bus-approach was used for known
methods of MIMO-decoupling. Some new methods as the elimination
of derivative terms (D-terms) and the MIMO-cascade control to accelerate the controlling time were developed.
Alone these methods are a rather big contribution to the MIMOcontrol design. But except of these methods the bus-approach opens
new possibilities to build new kinds of MIMO-systems.

6.1 MIMO-Router
In this chapter is proposed a new element for MIMO-systems, called
Router, which allows a perfect decoupling control. A router is built on
another principle as a classical decoupled controller. Significant feature of a router is it, that it gets its inputs not from decoupling controllers as it is the case by classical MIMO-control, but only from each
main controller.
The advantages of the MIMO-control with routers are:
simplicity of control system
reduced number of control blocks
easy tuning
The control becomes a new quality and could be easily extended for
MIMO-plants of any higher order.
According to the classification, known from [4, 5, 7, 8], the router
proposed in this chapter, is an element of the dynamically decoupled
MIMO-control, described with transfer functions in Laplace-domain.
The router is a diagonal matrix like a precompensator of [9], but it is
built on the principles of the antisystem-theory. Some aspects of this
theory which were partially published in [10].

6.2 Structure of MIMO-Control with Router
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6.2 Structure of MIMO-Control with Router
An example of the fully decoupled second-order MIMO-control is
given in Fig. 6.4. Each router has two inputs and one output. Significant is, that each router takes inputs not from actuating signals of
neighbour channels, but from the feedback x of the same main channel
and from the actuating signal of the main controller.

Figure 6.4

Second-order MIMO-control with routers

6.2 Structure of MIMO-Control with Router

Figure 6.8

MIMO-control of 4th order with routers
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