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(57) ABSTRACT

The invention discloses a MIMO different-factor compact-
form model-free control method. In view of the limitations
of the existing MIMO compact-form model-free control
method with the same-factor structure, namely, at time k,
different control inputs in the control input vector can only
use the same values of penalty factor and step-size factor, the
invention proposes a MIMO compact-form model-free con-
trol method with the different-factor structure, namely, at
time k, different control inputs in the control input vector can
use different values of penalty factors and/or step-size
factors, which can solve control problems of strongly non-
linear MIMO systems with different characteristics between
control channels widely existing in complex plants. Com-
pared with the existing control method, the inventive
method has higher control accuracy, stronger stability and
wider applicability.
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MIMO DIFFERENT-FACTOR
COMPACT-FORM MODEL-FREE CONTROL

FIELD OF THE INVENTION

[0001] The present invention relates to the field of auto-
matic control, and more particularly to MIMO different-
factor compact-form model-free control.

BACKGROUND OF THE INVENTION

[0002] In the fields of oil refining, petrochemical, chemi-
cal, pharmaceutical, food, paper, water treatment, thermal
power, metallurgy, cement, rubber, machinery, and electrical
industry, most of the controlled plants, such as reactors,
distillation columns, machines, devices, equipment, produc-
tion lines, workshops and factories, are essentially MIMO
systems (multi-input multi-output systems). Realizing the
control of MIMO systems with high accuracy, strong sta-
bility and wide applicability is of great significance to
energy saving, consumption reduction, quality improvement
and efficiency enhancement in industries. However, the
control problems of MIMO systems, especially of those with
strong nonlinearities, have always been a major challenge in
the field of automatic control.

[0003] MIMO compact-form model-free control method
is one of the existing control methods for MIMO systems.
MIMO compact-form model-free control method is a data-
driven control method, which is used to analyze and design
the controller depending only on the online measured input
data and output data instead of any mathematical model
information of the MIMO controlled plant, and has good
application prospects with concise implementation, low
computational burden and strong robustness. The theoretical
basis of MIMO compact-form model-free control method is
proposed by Hou and Jin in Mode!l Free Adaptive Control:
Theory and Applications (Science Press, Beijing, China,
2013, p. 93), the control scheme is given as follows:

@7 (k)pe(k)

utk)=utk— 1)+ FRTYaT O

[0004] where u(k) is the control input vector at time k,
uk)=[u,(k), . .. ,u, k)% m is the total number of control
inputs (m is a positive integer greater than 1); e(k) is the
error vector at time k, e(k)=[e,(k), . . . ,e,(k)]%, n is the total
number of system outputs (n is a positive integer); ®(k) is
the estimated value of pseudo partitioned Jacobian matrix
for MIMO system at time k, ||®(k)p is the 2-norm of matrix
®D(k); A is the penalty factor; p is the step-size factor.

[0005] The above-mentioned existing MIMO compact-
form model-free control method adopts the same-factor
structure, namely, at time k, different control inputs u, (k), .
. .,u,(Kk) in the control input vector u(k) can only use the
same value of penalty factor A, and the same value of
step-size factor p. However, when applied to complex
plants, such as strongly nonlinear MIMO systems with
different characteristics between control channels, the exist-
ing MIMO compact-form model-free control method with
the same-factor structure is difficult to achieve ideal control
performance, which restricts the popularization and appli-
cation of MIMO compact-form model-free control method.
[0006] Therefore, in order to break the bottleneck of the
existing MIMO compact-form model-free control method
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with the same-factor structure, the present invention pro-
poses a method of MIMO different-factor compact-form
model-free control.

SUMMARY OF THE INVENTION

[0007] The present invention addresses the problems cited
above, and provides a method of MIMO different-factor
compact-form model-free control, the method comprising:
[0008] when a controlled plant is a MIMO system, namely
a multi-input multi-output system, a mathematical formula
for calculating the i-th control input u,(k) at time k using said
method is as follows:

piy 85ikde 6)
=1

) = =D r = o

[0009] where k is a positive integer; n is the total number
of system outputs in said MIMO system, n is a positive
integer; 1 denotes the i-th of the total number of control
inputs in said MIMO system, i is a positive integer, 1=i=m,
where m is the total number of control inputs in said MIMO
system and m is a positive integer greater than 1; j denotes
the j-th of the total number of system outputs in said MIMO
system, j is a positive integer, 1<j=n; u,(k) is the i-th control
input at time k; e(k) is the j-th error at time k, namely the
j-th element in the error vector e(k)=[e, (k), . . . ,e,(K)]%; D(k)
is the estimated value of pseudo partitioned Jacobian matrix
for said MIMO system at time k, ¢, ,(k) is the j-th row and
the i-th column of matrix ®(k), ||®(k)|| is the 2-norm of
matrix ®(k); A, is the penalty factor for the i-th control input;
p, is the step-size factor for the i-th control input;

[0010] for said MIMO system, traversing all values of i in
the positive integer interval [1, m], and calculating the
control input vector u(k)=[u, (k), . . . ,u,,(k)]” at time k using
said method;

[0011] said method has a different-factor characteristic;
said different-factor characteristic is that at least one of the
following two inequalities holds true for any two unequal
positive integers i and x in the positive integer interval [ 1, m]
during controlling said MIMO system by using said method:

hi=hos PPy

[0012] While adopting the above-mentioned technical
scheme, the invention may adopt or combine the following
further technical schemes:

[0013] Said j-th error e, (k) at time k is calculated by the
j-th error function; independent variables of said j-th error
function comprise the j-th desired system output and the j-th
actual system output.

[0014] Said j-th error function adopts at least one of:
&)y, ()-y,(K). ek)-y*(k1)-y,(K). &)y, (k)-y*(K),
and e(k)=y (k)-y* (k+1), where y* (k) is the j-th desired
system output at time k, y* (k+1) is the j-th desired system
output at time k+1, and y, (k) is the j-th actual system output
at time k.

[0015] Said controlled plant comprises at least one of: a
reactor, a distillation column, a machine, a device, a set of
equipment, a production line, a workshop, and a factory.
[0016] The hardware platform for running said method
comprises at least one of: an industrial control computer, a
single chip microcomputer controller, a microprocessor con-
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troller, a field programmable gate array controller, a digital
signal processing controller, an embedded system controller,
a programmable logic controller, a distributed control sys-
tem, a fieldbus control system, an industrial control system
based on internet of things, and an industrial internet control
system.

[0017] The inventive MIMO different-factor compact-
form model-free control method uses different penalty fac-
tors or step-size factors for different control inputs in the
control input vector, which can solve control problems of
strongly nonlinear MIMO systems with different character-
istics between control channels widely existing in complex
plants. Compared with the existing MIMO compact-form
model-free control method with the same-factor structure,
the inventive MIMO different-factor compact-form model-
free control method has higher control accuracy, stronger
stability and wider applicability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 shows a schematic diagram according to the
embodiments of the invention;

[0019] FIG. 2 shows the tracking performance of the first
system output when controlling the two-input two-output
MIMO system in the first exemplary embodiment by using
the inventive MIMO different-factor compact-form model-
free control method;

[0020] FIG. 3 shows the tracking performance of the
second system output when controlling the two-input two-
output MIMO system in the first exemplary embodiment by
using the inventive MIMO different-factor compact-form
model-free control method;

[0021] FIG. 4 shows the control inputs when controlling
the two-input two-output MIMO system in the first exem-
plary embodiment by using the inventive MIMO different-
factor compact-form model-free control method;

[0022] FIG. 5 shows the tracking performance of the first
system output when controlling the two-input two-output
MIMO system in the first exemplary embodiment by using
the existing MIMO compact-form model-free control
method with the same-factor structure;

[0023] FIG. 6 shows the tracking performance of the
second system output when controlling the two-input two-
output MIMO system in the first exemplary embodiment by
using the existing MIMO compact-form model-free control
method with the same-factor structure;

[0024] FIG. 7 shows the control inputs when controlling
the two-input two-output MIMO system in the first exem-
plary embodiment by using the existing MIMO compact-
form model-free control method with the same-factor struc-
ture;

[0025] FIG. 8 shows the tracking performance of the first
system output when controlling the two-input two-output
MIMO system of coal mill in the second exemplary embodi-
ment;

[0026] FIG. 9 shows the tracking performance of the
second system output when controlling the two-input two-
output MIMO system of coal mill in the second exemplary
embodiment;

[0027] FIG. 10 shows the first control input when control-
ling the two-input two-output MIMO system of coal mill in
the second exemplary embodiment;

[0028] FIG. 11 shows the second control input when
controlling the two-input two-output MIMO system of coal
mill in the second exemplary embodiment.
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DETAILED DESCRIPTION OF THE
INVENTION

[0029] The invention is hereinafter described in detail with
reference to the embodiments and accompanying drawings.
It is to be understood that other embodiments may be
utilized and structural changes may be made without depart-
ing from the scope of the invention.

[0030] FIG. 1 shows a schematic diagram according to the
embodiments of the invention. For a MIMO system with m
inputs (m is a positive integer greater than 1) and n outputs
(n is a positive integer), the MIMO different-factor compact-
form model-free control method is adopted to control the
system; for the i-th control input u, k) (i=1, . . . ,m), set the
parameters value including penalty factor A, and step-size
factor p, in the mathematical formula for calculating u,(k)
using the MIMO different-factor compact-form model-free
adaptive control method; mark the current moment as time
k; define the difference between the j-th desired system
output y*,(k) and the j-th actual system output y,(k) as the
j-therror e (k); traverse all values of j in the positive integer
interval [1, n] and obtain the error vector e(k)=[e,(k), . . .
,2,(k)1%; based on the error vector e(k)=[e,(k), . . . ,e,()]"
at time k, the penalty factor 80 ,, and the step-size factor p,,
calculate the i-th control input u,(k) at time k using the
MIMO different-factor compact-form model-free adaptive
control method; for the MIMO system, traverse all values of
i in the positive integer interval [1, m] and calculate the
control input vector u(k)=[u, (k), . . . ,u,,(k)]” at time k using
the MIMO different-factor compact-form model-free control
method; obtain the n actual system outputs at next time by
applying the control input vector u(k) into the controlled
plant, and then carry out the MIMO different-factor com-
pact-form model-free control method for the next sampling
time.

[0031] Two exemplary embodiments of the invention are
given for further explanation.

[0032] The first exemplary embodiment:

[0033] A two-input two-output MIMO system, which has
the complex characteristics of non-minimum phase nonlin-
ear system, is adopted as the controlled plant, and it belongs
to the MIMO system that is particularly difficult to control:

2.5y1tk = Dyi1tk —2)
L+yik— D+ y3t —2) + ¥tk = 3)

yilk) =
0.09u (k — Day (k= 2) + 1.2uy (k — 1) + L.6uy (k= 3) + 0.5up (k — 1) +
0.7sin(0.5(y; (k — 1) + y1 (k = 2))cos(0.5(y  tk — 1) + y1(k =2)))

Syztk = Dyz(k =2)

S P Ty (T T
Lluatk —2) + Ldus(k — 3) + 0.5u (k — 1)
[0034] The desired system outputs y*(k) are as follows:

y¥ (k=5 sin(k/50)+2 cos(k/20)

y¥5(k)=2 sin(k/50)+5 cos(k/20)

[0035] In this embodiment, m=n=2.

[0036] In view of the above specific embodiment, two
experiments are carried out for comparison and verification.
The first experiment adopts the inventive control method,
and the second experiment adopts the existing control
method. In order to compare the control performance of the
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two experiments clearly, root mean square error (RMSE) is
used as the control performance index for evaluation:

1 N
RMSE(e;) = ngl (k)

[0037] where e (k)=y* (k)-y,(k), y*/(k) is the j-th desired
system output at time k, y ;(k) is the j-th actual system
output at time k. The smaller the value of RMSE(e)) is, the
smaller the error between the j-th actual system output and
the j-th desired system output is, and the better the control
performance gets.

[0038] The hardware platform for running the inventive
control method is the industrial control computer.

[0039] The first experiment (RUN1): the inventive MIMO
different-factor compact-form model-free control method is
adopted to control the above two-input two-output MIMO
system; set the parameters value for calculating the first
control input: the penalty factor A,=0.01, the step-size factor
p,=0.37; set the parameters value for calculating the second
control input: the penalty factor p,=0.24, the step-size factor
0,=0.49; the tracking performance of the first system output
and the second system output are shown in FIG. 2 and FIG.
3, respectively, and the control inputs are shown in FIG. 4;
evaluate the control method from the control performance
indexes: the RMSE(e, ) of the first system output in FIG. 2
is 2.2947, and the RMSE(e,) of the second system output in
FIG. 3 is 1.1935.

[0040] The second experiment (RUN2): the existing
MIMO compact-form model-free control method with the
same-factor structure is adopted to control the above two-
input two-output MIMO system; set the penalty factor
~=0.01, the step-size factor p=0.50 ; the tracking perfor-
mance of the first system output and the second system
output are shown in FIG. 5 and FIG. 6, respectively, and the
control inputs are shown in FIG. 7; evaluate the control
method from the control performance indexes: the RMSE
(e,) of the first system output in FIG. 5 is 7.8933, and the
RMSE(e2) of the second system output in FIG. 6 is 10.5405.
[0041] The comparison results of control performance
indexes of the two experiments are shown in Table 1; the
results of the first experiment (RUN1) using the inventive
control method are superior to those of the second experi-
ment (RUN2) using the existing MIMO compact-form
model-free control method with the same-factor structure,
and the control performance improvement is significant,
indicating that the inventive MIMO different-factor com-
pact-form model-free control method has higher control
accuracy, stronger stability and wider applicability.

TABLE 1

Comparison Results of The Control Performance

The first system output The second system output

RMSE(e;) Improvement RMSE(e,) Improvement
RUN1 2.2947 70.926% 1.9135 80.846%
RUN2 7.8933 Baseline 10.5405 Baseline
[0042] The second exemplary embodiment:
[0043] A coal mill is a very important set of equipment

that pulverizes raw coal into fine powder, providing fine
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powder for the pulverized coal furnace. Realizing the control
of coal mill with high accuracy, strong stability and wide
applicability is of great significance to ensure the safe and
stable operation of thermal power plant.

[0044] The two-input two-output MIMO system of coal
mill, which has the complex characteristics of nonlinearity,
strong coupling and time-varying, is adopted as the con-
trolled plant, and it belongs to the MIMO system that is
particularly difficult to control. Two control inputs u, (k) and
u,(k) of the coal mill are hot air flow (controlled by the
opening of hot air gate) and recycling air flow (controlled by
the opening of recycling air gate), respectively. Two system
outputs y,(k) and y,(k) of the coal mill are outlet tempera-
ture (° C.) and inlet negative pressure (Pa), respectively. The
initial conditions of the coal mill are: u,(0)=80%, u,(0)
=40%, y,(0)=70° C., y,(0)=—400 Pa. At the 50th second, in
order to meet the needs of on-site conditions adjustment in
thermal power plant, the desired system output y*,(50) is
adjusted from 70° C. to 80° C., and the desired system
output y*,(k) is required to remain unchanged at —400Pa. In
view of the above typical conditions in thermal power plant,
two experiments are carried out for comparison and verifi-
cation. In this embodiment, m=n=2. The hardware platform
for running the inventive control method is the industrial
control computer.

[0045] The third experiment (RUN3): the inventive
MIMO different-factor compact-form model-free control
method is adopted to control the above two-input two-output
MIMO system; set the parameters value for calculating the
first control input: the penalty factor A,=0.05, the step-size
factor p,=1.95; set the parameters value for calculating the
second control input: the penalty factor A,=0.05, the step-
size factor p,=1.92; the tracking performance of the first
system output is shown as RUN3 in FIG. 8, the tracking
performance of the second system output is shown as RUN3
in FIG. 9, the first control input is shown as RUN3 in FIG.
10, and the second control input is shown as RUN3 in FIG.
11; evaluate the control method from the control perfor-
mance indexes: the RMSE(e,) of the first system output,
RUN3 in FIG. 8, is 2.6338, and the RMSE(e,) of the second
system output, RUN3 in FIG. 9, is 0.1882.

[0046] The fourth experiment (RUN4): the existing
MIMO compact-form model-free control method with the
same-factor structure is adopted to control the above two-
input two-output MIMO system; set the penalty factor
~=0.07, the step-size factor p=2 ; the tracking performance
of the first system output is shown as RUN4 in FIG. 8, the
tracking performance of the second system output is shown
as RUN4 in FIG. 9, the first control input is shown as RUN4
in FIG. 10, and the second control input is shown as RUN4
in FIG. 11; evaluate the control method from the control
performance indexes: the RMSE(e,) of the first system
output, RUN4 in FIG. 8, is 2.8286, and the RMSE(e,) of the
second system output, RUN4 in FIG. 9, is 0.2266.

[0047] The comparison results of control performance
indexes of the two experiments are shown in Table 2; the
results of the third experiment (RUN3) using the inventive
control method are superior to those of the fourth experi-
ment (RUN4) using the existing MIMO compact-form
model-free control method with the same-factor structure,
and the control performance improvement is significant,
indicating that the inventive MIMO different-factor com-
pact-form model-free control method has higher control
accuracy, stronger stability and wider applicability.
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TABLE 2

Comparison Results of The Control Performance of Coal Mill

The first system output The second system output

RMSE(e;) Improvement RMSE(e,) Improvement
RUN3 2.6338 6.887% 0.1882 16.946%
RUN4 2.8286 Baseline 0.2266 Baseline
[0048] Furthermore, the following three points should be

noted in particular: (1) In the fields of oil refining, petro-
chemical, chemical, pharmaceutical, food, paper, water
treatment, thermal power, metallurgy, cement, rubber,
machinery, and electrical industry, most of the controlled
plants, such as reactors, distillation columns, machines,
equipment, devices, production lines, workshops and facto-
ries, are essentially MIMO systems; some of these MIMO
systems have the complex characteristics of non-minimum
phase nonlinear system, which belong to the MIMO systems
that are particularly difficult to control; for example, the
continuous stirred tank reactor (CSTR), commonly used in
oil refining, petrochemical, chemical, etc., is a two-input
two-output MIMO system, where the two inputs are feed
flow and cooling water flow, and the two outputs are product
concentration and reaction temperature; when the chemical
reaction has strong exothermic effect, the continuous stirred
tank reactor (CSTR) is a MIMO system with complex
characteristics of non-minimum phase nonlinear system,
which is particularly difficult to control. In the first exem-
plary embodiment, the controlled plant with two inputs and
two outputs also has the complex characteristic of non-
minimum phase nonlinear system and belongs to the MIMO
system that is particularly difficult to control; the inventive
controller is capable of controlling the plant with high
accuracy, strong stability and wide applicability, indicating
that it can also achieve high accuracy, strong stability and
wide applicability control on complex MIMO systems such
as reactors, distillation columns, machines, equipment,
devices, production lines, workshops, factories, etc.

[0049] (2) In the first and second exemplary embodiments,
the hardware platform for running the inventive controller is
the industrial control computer; in practical applications,
according to the specific circumstance, a single chip micro-
computer controller, a microprocessor controller, a field
programmable gate array controller, a digital signal process-
ing controller, an embedded system controller, a program-
mable logic controller, a distributed control system, a field-
bus control system, an industrial control system based on
internet of things, or an industrial internet control system,
can also be used as the hardware platform for running the
inventive control method.

[0050] (3) In the first and second exemplary embodiments,
the j-th error e/(k) is defined as the difference between the
j-th desired system output y* (k) and the j-th actual system
output y,(k), namely e, (k)=y* (k)-y (k), which is only one of
the ways for calculating the j-th error; the j-th error e (k) can
also be defined as the difference between the j-th desired
system output y (k+1) at time k+1 and the j-th actual system
output y,(k), namely e,(k)=y* (k+1)-y,(k); the j-th error e, (k)
can also be defined by other ways whose independent
variables include the j-th desired system output and the j-th
actual system output, for example,

Aug. 6, 2020

yilk+ D+ yi)

e;k) = 5

yjlk);

for the controlled plants in the first and second exemplary
embodiments, all different definitions of the error function
can achieve good control performance.
[0051] It should be appreciated that the foregoing is only
preferred embodiments of the invention and is not for use in
limiting the invention. Any modification, equivalent substi-
tution, and improvement without departing from the spirit
and principle of this invention should be covered in the
protection scope of the invention.
The invention claimed is:
1. A method of MIMO different-factor compact-form
model-free control, the method comprising:
when a controlled plant is a MIMO system, namely a
multi-input multi-output system, a mathematical for-
mula for calculating the i-th control input u,(k) at time
k using said method is as follows:

piy 85ikde 6)
j=1

) = =D r = o

where k is a positive integer; n is the total number of
system outputs in said MIMO system, n is a positive
integer; 1 denotes the i-th of the total number of control
inputs in said MIMO system, i is a positive integer,
1=i=m, where m is the total number of control inputs in
said MIMO system and m is a positive integer greater
than 1; j denotes the j-th of the total number of system
outputs in said MIMO system, j is a positive integer,
I=j=n; u,(k) is the i-th control input at time k; e,(k) is
the j-th error at time k, namely the j-th element in the
error vector e(k)=[e,(k), . . . ,e,k)]%; ®k) is the
estimated value of pseudo partitioned Jacobian matrix
for said MIMO system at time k, ¢, (k) is the j-th row
and the i-th column of matrix ®(k), ||®(k)|| is the
2-norm of matrix ®(k); A, is the penalty factor for the
i-th control input; p, is the step-size factor for the i-th
control input;

for said MIMO system, traversing all values of i in the
positive integer interval [1, m], and calculating the
control input vector u(k)=[u,(k), . . . ,u,,(k)]” at time k
using said method;

said method has a different-factor characteristic; said
different-factor characteristic is that at least one of the
following two inequalities holds true for any two
unequal positive integers i and X in the positive integer
interval [1, m| during controlling said MIMO system
by using said method:

h=hs PPy

2. The method as claimed in claim 1 wherein said j-th
error e (k) at time k is calculated by the j-th error function;
independent variables of said j-th error function comprise
the j-th desired system output and the j-th actual system
output.

3. The method as claimed in claim 2 wherein said j-th
error function adopts at least one of: e (k)=y*(k)-y,(k),
e(k)=y*,(k+ D)=y, k), e(k)=y,(k)-y*(k), and ek)=y,(k)-
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y*(k+1), where y* (k) is the j-th desired system output at
time k, y* (k+1) is the j-th desired system output at time k+1,
and y,(k) is the j-th actual system output at time k.

4. The method as claimed in claim 1 wherein said
controlled plant comprises at least one of: a reactor, a
distillation column, a machine, a device, a set of equipment,
a production line, a workshop, and a factory.

5. The method as claimed in claim 1 wherein a hardware
platform for running said method comprises at least one of:
an industrial control computer, a single chip microcomputer
controller, a microprocessor controller, a field program-
mable gate array controller, a digital signal processing
controller, an embedded system controller, a programmable
logic controller, a distributed control system, a fieldbus
control system, an industrial control system based on inter-
net of things, and an industrial internet control system.
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