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A DIRECT SYNTHESIS CONTROL STRATEGY FOR
SINGLE-INPUT, SINGLE-OUTPUT NONLINEAR SYSTEM

Ademola Stanford OLUFEMI*

This paper describes the strategy to design and modify a conventional
controller by direct synthesis and the internal model control (IMC) methods
for a single-input, single-output (SISO) process system. Both of these methods
are the most widely used approaches, both in their simplicity and in their
generality. The design of a direct synthesis controller based on a linear
inversion of the non-linear process model about a steady-state was first
considered. The particular linear design technique adopted resulted in a
Proportional — Integral (P1) controller whose parameters are easily computed
as a function of the parameters of the linear invertible model and the
controller tuning parameter. The internal model control (IMC) methods were
also considered to determine the fault from external disturbance. From this
study, it was observed that under certain conditions both direct synthesis and
internal model control methods are equal. Their use in the design of analog
and digital controllers is presented by the method of the required model.
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1. Introduction

The automatic control of processes in order to ensure safe operation, reduce material and
energy costs and meet required product specification is a commonly occurring problem in process
industries. These processes are known to exhibit nonlinear dynamic behaviors. Thus, the linear,
constant parameter controller that is usually designed from a linear approximation of the nonlinear
process model cannot be expected to provide optimum performance over a wide range of system
operating conditions. However, if a linear controller with a direct synthesis characteristics can be
designed, then better system performance is possible with the linear, direct synthesis controller can
be obtained.

Conventional PID Controllers according to [1-3] is used in over 95 % of industrial process control
systems. In most cases, these are PI type controllers. More than 80 % of these control systems are poorly
modified [4, 5]. It is therefore clear that due attention should be given to the design of the relevant
controllers and their adjustment.

The paper describes the development of a direct synthesis control strategy for single-input,
single-output (SISO) nonlinear systems by two approaches that use general principles of dynamics
inversion and which are often referred to in the literature as model-based approaches simple control
system and is called a direct synthesis [3, 6]. In these approaches, it is assumed that the regulated system
model is known and that the control system model is presented respectively and appropriately chosen.
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The first approach is based on a method and the second is based on a branched control circuit with an
internal model and is called an internal model control, IMC method. In this study, only conventional
controllers will be considered.

2. General Regulatory Requirement

A simple control system shown in Figure 1 is considered, where G is a controller conversion,

GG, control system control, W - a desired variable image, Y - a controlled variable image, V - a

variable error image. As an independent variable, it is necessary to consider complex variables s for
continuous control system and for a discrete complex variable z.

W I Y

—h[?—b G Gs(Gp .

Figure 1: Simple control system

b

It is assumed that the regulated system is stable and that it consists of an invertible G transfer

portion and a G, noninvertible portion that is most often represented by a transport delay (|GD| :1).

The goal of regulation can be expressed by a simple relationship:
Y >W (@))

From which the controller has a dual task of ensuring that the desired variable W is monitored by
the controlled variable Y while suppressing the negative effect of the failure V on the control system. Of
course, the control system must be stable and the control target (1) must be filled with the specified
quality.

For the control system in Figure 1.

Y =G, W +G.V @)
- G.G.G, @
1+ G,G.G,
1
= =1-G 4
Y1+ GGG, W @

Where the control transmission is, - the fault transmission. An asterisk (*) will further indicate the

values required, recommended, and/or optimal, G, G, .
Given the existence of the non-invertible part G, the objective of regulation (1) will be fulfilled
if it applies [7].
G,, >Gp, G, »1-G, (5)
In the absence of a non-invertible part, i.e., G, =1, conditions (5) are simplified,
G,, —>1 G, -0 (6)

Since (4) is true, it is clear that if in relations (5) and (2) respectively. (6) the condition for
transmission of the control is fulfilled, then the corresponding condition for the transmission of the fault
will automatically be fulfilled . Therefore, only control transmission will be considered further,
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2.1 Direct Synthesis Method
Based on the relation (3), the transfer of the controller can be determined

1 G,
% =G 1 o
sVp -7 Py

()

Which will ensure the required control transfer. Gv*vy. Equation (7) is called synthesis equation
and serves to design regulators by direct synthesis.
Since the non-invertible portions G, cannot be disposed of, the required control transmission is
assumed to be in the shape.
Gv*Vy =G,,Gp (8)
Where G, is the invertible portion of the required control transmission most often in the form of a
proportional element with first or second order inertia.
Itis the part of the G, that the required steering transmission (8) differs from the "ideal steering
transmission.
Gv*vy =G, ©)
From equation (5), which is responsible for equation (6) for G, =1. Putting equation (8) into

equation (7)
G,,
Gp=e— 2 —— (10)
G; -G¢G,,G,
From equation (10), it requires that the transfer function of the controller be selected and the
transmission portion is an invertible G, un-invertible part G, regulated system is suitably adjusted so

that the resulting transmission controller G, was physically realizable and conventional (Table 1) G,

. These are the drawbacks of direct synthesis, but on the other hand, it is a visual and very simple method.

Example 1:

By direct synthesis, it is desirable to design a suitable conventional regulator for the transmission
system.

Gy (s) =

Ts+1

(11)

Solution:
It follows from the transfer of the control system (11) that G, (S) =1 and therefore for the

selected control function desired.

1
G, -G, = 12
WY Tos+1 (12)
A conventional analogue PI controller is obtained after it is set to equation (10)
Ts+1 . 1
GR(S): L :kp 1+—* (13)
kT,S T's

Copyright © INESEG ISSN 2536-5010 | e-ISSN 2536-5134 http://dergipark.gov.tr/ejt

219


http://dergipark.gov.tr/ejt

European Journal of Technique (EJT) Vol 10, Number 2, 2020
T's

Where k) =——, T =T,
leW

The time constant, T,, of the control system serves as a "tuning" parameter, which can be used to
fine-tune the control process, for example, the limitation of the control variable, the control time, etc.
Figure 2, shows the responses of the controlled variable y(t) to the unit step changes of the desired

value w(t) for k, =1, T, =5and T,, = 1, 2 and 3 sec.

",(f ) A
1

. 1 i L Ly
0 10 20 t [b]

Figure 2: Transition characteristics of control system - example 1

Example 2

The controlled system has a transfer
k
e (14)
Ts+1

A suitable controller should be designed by direct synthesis.

Solution:
It follows from equation (14) that the regulated system has both an invertible and a non-invertible
part.
G, (s)= % (15)
° Ts+1
Where G, (s)=e"
For the required steering control in shape
. 1 1 T
G, = e, G, (s)= , Gy(s)=e"° 16
W T 511 w(&) = &) (16)
Substituting equations (15) and (16) into equation (10),
Ts+1
G, (s)= L (17)
«(5) k (Ts+1-e7™)
Using approximation,
e =1-x (18)

The transfer function in equation (17) can be adapted to a shape corresponding to a conventional
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P1 controller.
Ts+1 . 1
Ga(s)=——t o —k’| 14— (19a)
k (T, +Ty)s T's
L (19b)

Pk (T, +Ty)
Where T," =T,.
Also here, the time constant T, has the meaning of a "tuning" parameter, which in this case

affects not only the speed and overshoot of the response, but also the robustness of the entire control
system, and T, =T, is the default value.

The responses of the controlled variable y (t) to the unit step changes of the position of the

desired variable W(t) for k, =1, T, =T, =5and T, =3, 5and 7 seconds as presented in Figure 3a &
b.

yie)* yit)a

A " A i -4 > i i 2 ! 2 »
0 20 40 60 tis) 0 20 40 60 tls]

Figure 3: Transition characteristics of control system from example 2: a) for PI controller, b) for PID controller

If the form of transmission of the controlled system in equation (14) is used,

Ty s
1 al 1e‘Tds ~ kl_l_ e ? (20)
S+ (T +1)(2"s +1j
k, as

Gs(s)= , Gp(s)=e? (21)

(Tss +1)(T2d s +1j

Then, after substituting equations (16) and (21) into equation (10), it gets

.
(Tss +1)[2"s +1j L

Gy (s)= " R (22)
' T,s+1-e 2
By using an approximation (18), a transmission corresponding to the PID controller is obtained
(Tss +1)(T2“s +1j L
Gg(s)= =k | 1+ —+TJs (23a)
( T, j U Ts
k|T,+-=1s
2
O (23b)
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1T
* T * l
Where T, =T, +—% and T} = —2—
2 Ty
T +=
2

The responses of the controlled variable y (t) to the unit step changes of the position of the
desired variable w(t) for k; =1, T, = T, =5and T, =3, 5 and 7 seconds as shown in Figure 3b.
It can be seen from the comparison of the control variable y(t) in Figure 3 that the PID controller

gives a faster response than the PI controller.

2.2 Internal Model Control (IMC) Method

Figure 4 is a branched control system with internal model control where the transfer controller
controls the system with an internal model control (short - transmission controller IMC), G, - control

filter; G, - control invertible portion G, G,, - transfer model non-invertible part G, . G2 .

IV

W

g

a(%—r{ GG,
INTERNAL | GG :

MODEL CONTROL

¥

GsGh

Figure 4: Control system with internal model control

If the internal model is ideally identical to the regulated system, i.e.
Gy =G, then Gy, =G, (24)

Then the internal model control system can be transformed into the scheme of Figure 5, from
which it is clear that the branching serves primarily to identify V fault. Recall from equation (2), we

have:
W Y
GGy »  GsGp

Figure 5: Transformed control system with internal model at equation (24)

Y =G, W +G,V (25)
G,, =Gr °G.GG, (26)
G, =1-Gy"°G.G,G, =1-G;, 7)

Also in this case, only the control transfer will be considered in view of validity (27).
In order to meet the objective of regulation (1), equations (5) and (3) must apply (6) for G, =1.
Obviously, these conditions will be met for:
Ga'© 52 and G, —>1 (28)
GS
Because part of Gg is stable and invertible, theoretically its inversion can be done, but that does

not mean that it can be physically implemented. A well-chosen filter allows the physical implementation
of a transmission member:
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GF
Gs

After substituting (29) into (26), the resulting control of the control system with the internal model
is obtained as:

GG, = (29)

G;‘,y =G.G, (30)
A comparison of the relations (30) and (8) shows that the filter G performs a similar function
in the internal model control system (Figure 4) as part of the G,,, control transmission in a simple

control system (Figure 1).

In order to design a conventional controller by the internal model control method, the branched
internal model control system of Figure 4 must be transformed into the equivalent simple control system
of Figure 1.

Figure 6: Control system with internal model transformed into a simple control system

Based on Figure 6, it is already possible to determine the corresponding transmission of the
controller in a simple control system.
IMC
G - Gr G,
R IMC
1-Gr GGy Gpy
If the internal model is ideally matched to the controlled system, i.e. when the conditions (24) and

validity (29) are met, the relationship for the controller transmission in the simple control system is
obtained.

@31

Gy =t (3)
G, 1-G,G,

A comparison of the relationships (32) and (10) shows that for:
G: =G, (33)

The internal model method and the direct synthesis method lead to the same controller in a simple
control system. That is, when designing conventional controllers, both methods are equivalent and
indistinguishable essentially when the condition of equation (33) is met. Therefore, for the internal
model method, the same constraints apply to the conventional controller design as for the direct synthesis
method.

In fact, both methods are considerably more general than is stated in this article, limiting it to
conventional controllers [7-11].

Both the direct synthesis method and the internal model control method can also be used for
unstable controlled systems [8, 12]. The internal model control method makes it easier to ensure the
robustness of the control system [9, 13].

2.3. Method of Desired Model

The method of the required model (formerly called dynamics inversion method) is the original
method, which was designed, developed by [14-16]. It is a method using direct synthesis. At present,
the required model method is extended to a larger number of different regulated systems [17].
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2.3.1. Analog control system design
It is assumed that the required control system control with analog controller (hence the name of

the method) has the form of an isochronous model:

a Ty
G, ()= e

—Tys

— 5 (34)
S+ae

a
GWy(S):m, GD(S):edeS (35)
Where a is the gain of the open control loop.

The chosen shape of the desired steering transmission (34) is the simplest shape that allows the
choice of amplification of the open control system and to achieve different response patterns from
aperiodic to oscillating, see Figure 7.

Unlike conventional direct synthesis methods and the internal model, the required control
transmission (34) has a shape that directly leads to conventional controller transmissions for appropriate
transfers of regulated systems. There need not output approximation to time delay in the transmission
controller and therefore there is also a greater accuracy for the different values of the gain control system
of the open.

Amplification of the open control system and ensuring the required relative overshoot can be
approximately analytically determined assuming the dominance of a pair of characteristic quasi-multi-
points of the required steering transmission (34).

N(s)=s+ae ™ (36)
And comparing it with the corresponding pair of poles of the proportional oscillating member of
the second order or by digital simulation. The difference between analytical and simulation solutions

for relative overshoot from 0 to 0.5 (0 to 50 %) does not exceed 2 %.

0 T, L=e 1

Figure 7: Transition characteristics of the control system with the required control transmission (34) for different

values of a(,B)

Values of the coefficient £ for the calculation of the open-loop control gain and the relation.
1
AT

For the required relative overshoot detailed simulations are given in Table 2.
The procedure for designing and adjusting conventional analogue controllers using the required model
is shown in Example 3. All relationships in Table 3 (for T =0).

a (37)

Example 3
For a regulated transmission system
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k1 -T4s
T >T 38
(Tls+1)(Tzs+1)e 17 b (38)

It is necessary to design a suitable conventional analogue regulator and to adjust it so that when the
position of the desired variable is stepped W(t) approximately the aperiodic control process is reached.

Solution:
It is clear from the transfer function of the control system (38) that:
k
G (s L , G,(s)=e™ 39
o )(Tls+1)(Tzs+1) o () 39

After substituting (39) and (35) to (10) and adjusting, the PID controller is transmitted.

yit)a

|
1

I i»

80 tls]
Figure 8: Transition characteristics of control system with analog PID and digital PSD controller adjusted by the

i

i

4 4. 1 1
0 20 40 60

required model for a’ =0. Examples 3 and 4

2.3.2 Digital control system design
It is believed that the desired control system is controlled in shape with the digital controller.
aT »

O ()= e “
ie.
G, (2)=—2" _ GD (2)=2" (45)
z-1+aTlz
Where d is a discrete relative transport delay (an integer is assumed for simplicity), T is a sampling
period.

Furthermore, it is also assumed that the quantization error is negligibly small, and therefore
discrete and digital terms are considered equivalent.

The shape of the expected control system which is controlled by the digital controller (44)
corresponds to the desired control system transmitted with the analog controller (34) and therefore the
choice of the gain of the open control system and similar waveforms as in Figure 7 can also be achieved.

Unlike a control system with an analogue gain controller, an open control loop and providing
some overshoot, it is not possible to determine analytical, but only simulation, and it can be expressed
by:

1
a=———
ol + [T,

Where « is the coefficient determined by the digital simulation for the desired relative overshoot,
see Table 2.

Discretized Transmission of a Regulated System G (Z)G, (z) can be determined based on the

(46)

relationship using a zero order sampler and shaper.
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(47)

|
Where k is the relative discrete time, Z - the Z-transform operator, L - the L-transform operator.
If the non-invertible part of the regulated system G, (S) represents only the traffic delay, i.e.

Gy(s)=e"" = Gy(z)=2" (48)
Then the discretized transmission of the regulated system can be determined from a simpler
relationship,

GS(Z)GD(Z):ZT_lZ{Ll{%GS (s)}|t=kT}zd (49)

The procedure for designing and adjusting conventional digital controllers using the required
model is shown in Example 4. All relationships in Table 3 (for T > 0).

Example 4

For the controlled system (38) of Example 3, it is desirable to design a suitable conventional
digital controller and adjust it so that, when the position of the desired variable is stepped, an
approximately limit a periodic control process is provided.

Solution:

Using the relationships in equations (38) and (49), a discretized transmission of the regulated
system is obtained

k,(Az+B) -

GS(Z)GD(Z): (50)
(Z N Cl)(z —C )
r _r

c=e'", c,=e" (51a)
A=DG7T0 g goge,+ 1e T (51b)

T2 _Tl Tz _Tl

Substituting the relationships (45) and (50) into (10) and adjusting the transmission,
G, (2)- TGt G-26)2 () 1oq-ctag 2z o6 2ol (52)
k,(Az+B) ¢ +c,—2cc, z-1 ¢ +c,—-2cC, z

Which is similar to the transmission of a conventional PSD (see Table 1) with adjustable
parameters.
_aT (¢ +¢,—-2cc,)

k (z)= 53
()= mrp) 49
T’ = Cc,+C, —2cC, T (542)
l-c —c,+cpc,
T 4% g (54b)

¢ +C,—2C,
Digital controller gain is a function of the complex variable z and, in addition, at the small
sampling period T, the so-called "ringing™ problem arises because k; (z) .

T—>O:>21=—%—>—l (55)

The bell ring of Z, causes an impermissible oscillation of the actuating variable. Both of these
problems can be eliminated by the representation of the complex variable-dependent gain from constant
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gain k* (z).

ol

k, :Limk;(z)z (56)

1
For T >0, relations (53) and (56) converge to the corresponding relationships for the analog PID
controller (41).

Relationships (53) are not very suitable for practical use. Using approximation:

1_ X
el =2 (57)
1+ 4
2
They can be easily simplified, they are given (see Table 3, line 4):
T =T, +T,-T (58a)
pUSLILEE (58b)
T+T, 4

It remains to be determined the gain of the open control loop and T, , which will provide
approximately the limit a periodic control process. It can be determined by assuming the dominance of
a stable double real pole . The gains of T,” pole are obtained by solving a system of equations, z,'z, .

_o ON(z) _
N(z)=0, — —=0 (59)
Where:
N(z)=z""-z"+aT (60)

It is a characteristic polynomial regulating system with a digital controller for the expected model

method [it is the denominator of the desired control transmission (44) multiplied by z%].
The solution (59) for (60) is obtained:

. d

2 d+1 (61)
d
a* :li L (62)
Td+1{d+1
For the amplification of the open control system (62) it is advantageous to use an approximation.
d
a*:ll(djz 1 (63)
Td+1ld+1) (4—e)T +eT,

Whose inaccuracy for d = 0.5 is better than 2 % [see equation (46)].

From formula (63), it can be seen that for T > 0, the gain of the open control loop and «” with
the analog PID controller providing the cut-off a periodic control step, see (43).

All results also apply to T, =T, .

The response to step change of the reference value for k, =1, T=3, T, =T, =10 and T, =5
seconds is shown in Figure 8. The response has been slowed down by the PSD.

2.3.3 Modification of Control Systems Transmissions

The desired model method is for a relative overshoot of less than 20 % robust and meets all the
more important criteria recommended for the design and adjustment of regulators. The approach using
empirical "half rule™ is very simple, which will be presented in a simplified form.

Assuming the transmission of the regulated system has a shape with unstable zeros:
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H(l—rjos)
G.(s)G,(s)=L——¢T0® (64)
(908 (9)= f1r g
Where T, 2T,,, 20, 7,20
Then on the basis of the "half rule” for replacement transmission

G (s)Gp () = Ts Jrle’rws (65a)
Which can be transformed to:
T,=T, +%, T, =T, +T—;°+ZZS:'I]O +er0 (65b)
Respectively for transmission: | J
G (5)Co () = (T, +1)1(Tzs +1) e (662)
T,=T, T, :T20+%, T, :Td0+%+ZTiO +> .75 (66b)

i24 i
Example 5
By using the required model method, the PI and PID analogue controllers for the transmission
system must be adjusted.

2(1-2s)
G (S) =
(10s+1)(5s +1)(4s+1)(s+1)
So that the relative overshoot is about 5 %. All time constants are in seconds.
Solution:
For a regulated system (68): G, (s)=1, k; =2, T,, =10, T =5, T, =4, T,o=1.

Based on Table 2 for d = 0.05 which determines the coefficient § =1,944 .

(67)

3. Controller Application
3.1. Pl controller

In accordance with Table 3 (line 2) the transmission of the control system is to take the form
(66a), and therefore, on the basis of (66b) can be written as:

T, =T10+Tﬂ=10+§=12.5s
2 2

Ty =Ty +%+T30+T40+r10 :O+g+4+1+2:9.53

T =T, =12.55
o 12.5

= = =0.34
P ATk 1,944x9.5x2

3.2 PID controller

Recall from Table 3 (line 4), the transmission of the control system is to take the form (66a), and
therefore, based on (66b), can be written:

T, =T, =10s, T, :T20+%:5+g:5s
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Td :Tdo+%+T4O+T10 :O+g+1+2:58

T =T,+T,=10+7=17s, T, WL _
T, +T,

10x7 _ 4106

10+7

K= 17 0.87

p

= l = =
PTk 1,944x5x%2
The responses to the step change of the desired magnitude are shown in Figure 9. Given the very

rough adjustment of the default transmission of the control system, this is a very good result.

y),

PID  PI

i i

0 100

.
t[s]

Figure 9: Transition characteristics of the control system with analog Pl and PID controllers - example 5

3.3. Procedure For Modifying The Controllers Using The Required Model

a)
b)

c)

d)

Modify the transmission of a regulated system to one of the basic forms listed in Table 3.

In the case of an analog controller, consider T =0 in all relations and, in the case of a digital
controller, select a suitable sampling period T >0.

For the desired relative overshoot based on Table 2 to determine the coefficients @ and b and
then for the recommended controller in accordance with Table 3, calculate the values of its
adjustable parameters.

In terms of the required relative overshoot, the method of the desired model in the case of analog
controllers is quite accurate. In the case of digital controllers, its inaccuracy is on average about
5 %. This is due to the simplification of exponential function and complex relationships, see
example 4. If the initial transmission of the regulated system is adjusted, then the accuracy is of
course smaller.

4. Conclusion

Two approaches to designing and adjusting conventional controllers, namely the direct synthesis

method and the internal model method, are briefly described and explained in the paper. It is shown that,
with certain assumptions, both approaches are equivalent.

The method of the required model, which is described in more detail illustrates the use of the

direct synthesis method for the design and adjustment of both analog and digital conventional
controllers.
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APPENDIX
Table 1: Conventional controller transmissions
Controller Type Analog controller Digital controller
P kP kp
PI
K, 1+i k,| 1+ Tz
T,s Tz-1
PD
k,(1+T,s) e (1. To2=1
P Tz
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PID 1 T
z T,z2-1
K,|1+=—+Tps k,| 1+ +-B
T, Tz-1 Tz
Table 2: Coefficients of a and b for the required comparative overshoot
Time 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
a 1,282  40.984  0.884 0.832 0.763 0.697 0.669 0.640 0.618 0.599 0.577
b 2,718 1,944 1,720 1,561 1,437 1,337 1,248 1,172 1,104 1,045 0.992

Table 3: Values of adjustable controller parameters for the desired model method

Control system Controller Analog,T =0
Digital, T >0
T * N "
o kp Tp Tp
1 kl e—Tzs P 1 - -
> (T + AT, )k,
2 k, o P1 (PS) T T T ]
3 k, 1 PD 1 i ] T
S(TlS+1) (aT +ﬂTd)k1 175
4 Ky 4 PPESD e TAT, T T, T
(Ts+1)(T,s+1) (o + AT, )k, T1—+ T, 2
T, 2T,
5 K, s SPAN (PSD) T+ 26T, T 1T
T2s? +2&,T,s+1 (@ + AT, )k, 26 4
0.5<¢& <1
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