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Hybrid qualitative and quantitative control method
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Abstract: Quantitative control with accurate mathematical model has high precision and 1t performance is restricted by pa-
rameters varying while qualitanve control often has both strong robustness and low precision. Combining the merits of both. an al-
gorithm of hybrid quahtative and quantitative control (HQQC) was proposed without accurate niath model. Bond graph model
without causality stroke was firstly built in the algonthm. the qualitative representations were analyzed and illustrated with improved
bond graph theory. Then control equation of HQQC was deduced from simplifying qualitative representations. Comparing with
PID, simulation results demnonstrate the robustness and transient performance of the algorithm, especially when the plant s tme-
vary and nonlinear.
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1 Introduction

Two classical control algorithms are used in practice.
One is the conventional quantitative control to synthesize
accurate math model for high precision. Its precision will
drop in the variable parameters and nonlinear process.
The other is the qualitative control of strong robustness,
which often fail to achieve both the robustness and the
precision for its knowledge qualitative representation. So
it is necessary to combine qualitative control and quantita-
tive control. Such an algorithm of hybrid qualitative and
quantitative control (HQQC) is based on improved bond
graph theory in the paper. In HQQC, plant model with
no causality stroke is formulated through system structure
instead of accurate mathematic parameters and an im-
proved knowledge qualitative representation equation
mapped model is developed. After analyzing and simplify-
ing qualitative equation, control equation is deduced.
Further it is a virtue that accurate quantitative information
of plant can be added to the control equation to overcome
lower precision. Good characters of HQQC, such as
strong robust, high precision and simple control equation
for design, are verified through simulations. This method
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gives a new approach to control the varable and nonlinear
plant.

2 HQQC algorithm

2.1 Bond graph model without causal stroke

The bond graph techniquem .
namic systems, is an information diagram with power
variable pairs of effort (e) and flow (/). The bond graph
modeling 1s suitable to any complex plant. The following

used for modeling dy-

discussion employs a separately excited DC motor with a
resilient load to illustrate the bond graph model and im-
proved qualitative equation. Fig.1 shows the system bond
model of no causal stroke. R, is the armature resistance
and [ is the inductance of the motor, I, is the rotor iner-
tia of motor, C| is spring, I3 Is the inertia of the load and
R, is the friction of the load.
2.2 Knowledge representations in improved
bond graph theory: qualitative equations

2] and

Different conventional bond graph theories
causality aren’ t employed to guide the state equation for-
mulation. An improved bond graph theory of no causal
stroke is developed to obtain simpler qualitative equations

with canceling integral and deferential function.
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Table 1 shows input output qualitative equation of
. From Fig. ] and Table 1, primitive
quahtative equations of the DC motor system are obtained
as equations (1) ~ (16):
E\(nT) = Ey(nT) + E;(nT) + E4(nT), (1)
F\(nT) = F,(nT) = Fy(nT) = F,(nT), (2)

primitive elements'

E-(nT) = R, x F-(nT), (3)
E;(nT) = I) x (F3(nT = F;({n = 1)T)). (4)
E.(nT) = Fs(nT), (5)
F.(nT) = Es(nT), (6)
Es(nT) = E¢(nT) + E;(nT), (7)
Fs(nT) = F¢(nT) = F,(nT), (8)
E¢(nT)=1, x (Fe(nT)-F¢((n=-1)T)), (9)
E-(nT) = Eg(nT) = E4(nT), (10)
FAnT) = Fg(nT) + Fo(nT), (11)
Fg(nT) = C,x(Eg(nT)-Eg((n-1DT)), (12)
Eg(nT) = Eo(nT) + E(nT), (13)
Fo(nT) = Fyo(nT) = F,,(aT), (14)
Ew(nT) =1 x (Fio(nT)=Fp((n-1DT)), (15)
E,(nT) = R, x F\,(nT). (16)
R,
a R, b 1 11 RN AN L_R
SAIHCY llbfs l110
L ¢ oh

(b) bond graph model

R
(a) schematic diagram

Fig. 1 A separately excited DC motor with resilient load

Table | Primitive element of improved bond graph

and their qualitative representations

element symbol qualitative representation
inertial I E(nT) =1 x (F(nT) - F((n-1)T)
capacitance ~C F(nM)=Cx (E(nT)-E((n-1)T)
resistance R E(t) = Rx F(1)
transformer _~TF_~ En= Eu.Fu= Fou
gyrator  ~GY— E,= Fu.F,=Eu

sial M, o= Bt r B
junction AW Fio =2 Fun =" = Fou
parallel _\07'; n En = Ew =" =Eu
junction N Fip = Fou + 0 # Fuu.n

2.3 Creation of control equation

A feedback control system with the above plant is
shown in Fig.2. Eg is output error and E: is output error
derivative . The control objective is to regulate voltage £,
to keep load speed Fjy. The control equation of HQQC
algorithm is deduced by simplifying the qualitative equa-
tion (1) ~ (16).
2.3.1 control equation without quantitative in-

formation

(D The value of R,/ and C parameters is defined as /
when their values are not given.

R Ly Oc Y
z controller plant

—_—

E.

Fig. 2 Feedback control system

Following the above rule, equations (3), (4), (9),
(12), (15), (16) are changed. For example equation
(3) becomes E,(nT) = F,(nT).

© Identify the input and output variables of controller .
Then replace the varables with the smallest subscnipt vari-
ables according to the equation relationships.

After analyzing, Fo(nT) is input Eg of controller,
Fo(nT) - Fo((n - 1)T) is another input E; of con-
troller. E| is output of controller. From equations (2),
(8), (10) and (14), F,, Fyand F are replaced by F;
F¢ and F; are replaced by Fs; Eg and Eg are replaced by
E;; Fpand F; are replaced by Fg respectively.

@ Cancel all the equations without “plus + ”
tors.

opera-

Following the above three rules, the previous qualita-
tive equation can be simplified as
E((nT) = F{(nT)+ F\(nT) - F\((n-1)T) + E4«(nT),
F\(nT) = Ei(nT) - E,((n-1)T) + E;(nT).
E,(nT) = E;(nT) - E;((n - 1)T) + Fo(nT),
E;(nT) = Fo(nT) = Fo((n = 1)T) + Fo(nT).
@ Simplify the above qualitative equation by retaining
variables of controller inputs and outputs.
So the simplified result is
E\(aT) =
13Fg(nT) =22Fy({n-1)T) +16 Fo((n=2)T) -
6Fy((n - 3)T) + Fo((n -4)T).
And control equation is

EI(IlT) = OC =
13Eg(nT) - 6Ex((n = 1)T) = 16Ec((n - 1)T) -
6Ex((n -3)T) + Eg((n -4)T). (17)

2.3.2 Control equation merging quantitative
value of parameters

Considering the effect of armature resistance of the mo-
tor R, . the quantitative value of parameter R; (assumed
R, = 0.5) can be inserted into the control equation for
high precision. So the control equation becomes an algo-
rithm of hybrid qualitative and quantitative control
(HQQOC).

Keeping other steps of process 2.3. 1, only equation
(3) is E5(nT) = R, x Fy(nT), the simplified result is

E,(nT) =

(SR, + 8)Fo(nT) - (TR, + 15) Fo((n - )T) +

(4R, + 12) Fo((n = 2)T) - (R, +

5)Fo((n -3)T) + Fo((n - HT).

The controller’s control equation becomes
E\(nT) = O¢ =
10.5Ex(nT)=4.5Ex((n-1)T)-14E.((n-1)T) -
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5.5Ex((n =3)T) + Fo((n = 4)T). (18)

In comparison to equation (17), coefficients of Ey and
E¢ in equation (18) have changed. So the transient re-
sponses vary between equation (17} and (18). Due to
merging quantitative value. a good control perfonmance
can be obtained by control equation (18) .

In the practical process. O in equation (17} or (18)
becornes AU( nT) to avoid steady error. The real output
of controller (HQQC) is defined as U(n) = U((n -
T) + AU(RT).

3 Simulation results

Because many high-order processes can be approxi-
mated to second-order plant in practice. a two couple
water tank is employed to demonstrate the effectiveness
of the HQQC.

Figure 3 is the bond graph model of no causal stroke
for two couple water tank. The control task is that water
tank C, achieves the set point. E, is controller output.
E\sis error, and Fs is emor change. Control equation
(19) is directly given. Where 25 primitive equations of
water tank are omitted and quantitative values have been
insert into equation (19).

Oc( HT) =

2.9Eg(nT) = 2.165Ex((n - DT) +
2.5Eg((n =2)T) = 0.015E,({(n =3)T) +
1.74E.((n - DT) - 0.835E.((n - 1DT) +
0.1E.((n =2)T) +0.005E.((n = 3)T).

(19)
= I, ~ inlet pipe
motor pump -
[
water tank (‘2
R, pankG (R _1_:'1_;.1_&_
6

8 .10, .12 14 16

se Lo 3 gvio Laqp 2o M 5o 120 L0 g

[9 [ll [B LlS
5 1 R G Ry

Fig. 3 Two couple water tank bond graph model

Experiments are carried out to check the transient per-
formance of HQQC, robustness for nonlinear and time-
varying plant, and to track performance for set point dis-
turbance. Fig.4, Fig.5, Fig.6 and Fig.7 show the sim-
ulation result with comparison to PID tuned by Z - N,
where set point is 8. By these curves, it can be found
that equation (19) (HQQC) has better performance than
PID control, especially for robustness. The main cause
of the above better performance is that HQQC algorithm
naturally belongs to qualitative control, which requires
less precise model information.

Since HQQC algorithm in the paper is qualitative con-
trol. bond graph model can be deeply simplified. Motor

inertia and pump inertia in Fig. 3 have little effect on
system output. Canceling these elements and showing
bond graph model in Fig. 8. control equation mapped
the case becomes equation (20) :

0‘.< HT) =
3ER(nT)-2Ex((n-1)T)+2E.(nT)=E-((n=1)T).
(20)
of /5
S
-;é 6t 2
z 4l |—PID
E 2 ——equation (19)
2 5l 3—=equation (20)
0 1 "
0 20 40 60 80 100
T/s
Fig. 4 Response of two tank’s time
constants Ty = 5, T, = 8
14y A
1
L 127
b 10 3
§ 81
5 6} 2 }
Y 1
= 5l 2—equation (19)
0 1—PID 3—elquat'|0n (20)
0 50 100 150 200 250 300
T/s
Fig. 5 Response of two tank’s time
constants T, = 5, Ty = 8
10 1
o8
B ?
3 4
‘% 1—PID
= 2 2——equation (19) *
% 20 a0 60 80 100
T/s
Fig. 6 Response of two tank’s tme constants T; = 5,
T, = 8and [ -1 +1] dead zone contained
12 ' ’ selpoir'll
10t
< g
-
=
= 6-{\output
k)
5 4t
-
2
2
0
0 50 100 150 200
T/s

Fig. 7 Track performance by equation (19),
two tank’s time constants T, = 5, 75 = &
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Fig. 8 After omutting /,, /5, bond grap

model of two couple water tank

Simulation results by equation (20) are shown as
curve (3) in Fig. 4 and Fig. 5. Compared with curve
(2), the performance changes are very small. However,
the control algorithm is simpler. On the other hand, the
example also proves that algorithm can control time-
varying plant.

4 Conclusion

A hvbnd qualitative and quantitative control algorithm
(HQQC) based on improved bond graph theory is pro-
posed in this paper. By simplifying qualitative equation,
the control algorithm can be deduced. Inserting quantita-
tive value of important parameter into the control algo-
rithm can get higher control precision. Simulation results
prove that the algorithm has better performance than PID
control; for example, it has strong robust, good transient

response and track performance. It gives a bright promise

to control plant with variable parameters, nonlinear and
strong disturbance . Future work on the approach is added
to error scale factor SF,, error change scale factor SF,.
and output scale factor SF, to control equation so that an
adaptive control algorithm can be constructed.
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