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ABSTRACT Synthetic control circuits have demonstrated their effectiveness in molecular process con-
trol. However, current synthetic control circuits counteract the impact of disturbances by error signals.
A disturbance suppression strategy that combines a disturbance observer with a controller to achieve
better disturbance suppression is presented in this paper. A disturbance observer-based PID control system
(DOB-PID) is implemented for the first time using chemical reaction networks (CRNs). The controller
parameters are obtained using the flow direction algorithm, which significantly reduces the parameter
setting time. The DOB-PID based on CRNs achieves improved disturbance suppression without affecting
the setpoint tracking characteristics. To overcome the limitation of the classic disturbance observer relying
on the inverse nominal model, a modified disturbance observer-based control system (MDOB) is realized
using CRNs. The MDOB-PID eliminates the need for the inverse nominal model in the modeling process.
Furthermore, the MDOB-PID control system is combined with a feedforward controller, resulting in a
modified disturbance observer-based feedforward control system (FDOB). This system effectively decouples
the set value following and disturbance suppression characteristics, simplifying the parameter tuning process.
Additionally, a FDOB-PID control system is established using DNA strand displacement. The FDOB-PID
control system proposed in this paper exhibits lower overshoot and better disturbance suppression compared
to existing control systems. Finally, a FDOB-PID exponential gate control system is developed to suppress
leakage response in calculation process. This system ensures accurate calculation results even in the presence
of a leaky response in the exponential gate.

INDEX TERMS Chemical reaction networks, disturbance observation PID control, DSD reaction networks,
flow direction algorithm, feedforward control.

The associate editor coordinating the review of this manuscript and

approving it for publication was Abdullah Iliyasu .

I. INTRODUCTION
Synthetic biology [1] has gained significant clout since the
turn of the twenty-first century and has been heralded as a
transformative science that holds the secret to understanding
life as well as the future. The primary research focus on
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synthetic biology is now biological computing [2] in order
to address the rising need for high-performance computing.
Biological computing has been used in various domains,
including molecular circuit operation [3], [4], [5] and molec-
ular machine [6], [7], [8] due to its benefits of parallel
operation and high compatibility.

One of the popular programming languages for molecular
circuit modeling is chemical reaction networks(CRNs) [9].
Many molecular devices, including molecular transformers
[10] and logic circuits [11], have been designed in recent
years by researchers using CRNs. Basic chemical processes
(such as catalytic reactions, degradation reactions, and anni-
hilation events) may be easily mapped to DNA displacement
reaction networks(DSD), making DNA molecules excellent
building blocks of molecular devices based on CRNs [12],
[13]. Currently, DSD reaction networks may be used to con-
struct an increasing number of molecular devices based on
CRNs, including PI [14], quasi-sliding mode controller [15],
PID [16], 2DOF PID [17], cascade PID [18], and others.
Due to their high degree of storage and programmability,

DNA molecules have been widely used in DNA computing
[19], [20], [21]. The exponential gate [22] based on DNA
molecules can be constructed by addition gate and multi-
plication gate, where the concentration of the DNA chain
represents both its input and output. Exponential gates based
onDNAmolecules are important components of somemolec-
ular circuits [23], [24]. However, the leakage reaction can
lower the concentration of the starting species, which will
then result in a drop in the concentration of the products
[25]. For instance, the exponential operation gate can produce
inaccurate computation results due to the leakage response.
The control system is typically paired with the operation
gate [17], [26] to prevent the leakage reaction-related calcu-
lation result error. The outcomes indicate that the molecular
control system is efficient in reducing the effects of the leak-
age reaction on the computation outcomes. Consequently,
research on molecular controllers has gained popularity over
the past several years. Oishi and Klavins [27] constructed
a linear input-output system at the molecular level for the
first time, proving that ideal kinetics are very similar to
chemical reaction models. Yordanov et al. [14] designed
proportional-integral controllers through three reaction cate-
gories of catalysis, degradation, and annihilation, and proved
the possibility of using DSD to realize molecular controllers.
Paulino et al. [16] developed a time-delayed first-order sys-
tem using CRNs and applied a CRN-based PID controller to
regulate the system. On this basis, Yuan et al. [17] proposed a
2DOF controller through the combination of a PID controller
and a feedforward controller. Yuan et al. [26] proposed a
CRNs-based state feedback control and Romberg observer,
then completed the transformation of the space state equation
into a molecular controller. Li et al. [28] built a 2DOF-IMC
through CRNs, which solved the time-delay problem in the
controlled object.

Research on CRN-based control systems is currently pri-
marily concerned with exploiting error signals to reduce
the impact of outside disturbances, and controller design
complexity is significant. In addition to being able to suc-
cessfully suppress external disturbances, the disturbance
observer-based control system(DOB) [29] also allows for
the easy division of its overall control structure into two
control loops. The outer loop controller is independently
built to provide good setpoint tracking characteristics, while
the compensation of the equivalent disturbance by the inner
loop disturbance observer can enhance the disturbance sup-
pression features of the system. DOB control systems have
seen significant growth in recent years across a variety of
industries, including mechanical equipment [30], [31], data
security [32], and engineering applications [33], among oth-
ers. These applications have shown that the properties of the
control system may be enhanced by the addition of distur-
bance observers. However, this approach has not been applied
to regulate molecular processes.

Under the assumption of stability, it is usually necessary
to adjust the parameters of the control system to reduce
the dynamic error and shorten the steady-state duration.
Traditional controller parameter adjustment typically makes
use of empirical approach [22] and theoretical calculation
tuning method [27]. In recent years, more and more individ-
uals have concentrated on applying optimization algorithms
to fine-tune controller settings due to the rapid growth
of optimization algorithms. This is so that the optimiza-
tion algorithm may avoid the time-consuming parameter
computation procedure by simply requiring the matching
optimization cost function. Flow Direction Algorithm(FDA)
[34] is an optimization algorithm that operates on physics
principles. It replicates the process of fluid particles moving
continuously while looking for the best answer by constantly
updating the location of the particles. Karami [34] has shown
through tests that the flow direction method has a greater
global search capability than the widely used optimization
algorithms, and the parameter setup is easier. The flow direc-
tion technique is now being used to engineering material
issues [35] and tackle machine learning [36]. The flow direc-
tion method provides several advantages in the direction
of establishing parameters, as seen by its broad application
potential. Therefore, this paper chooses to use the FDA to
tune the controller parameters.

A first-order system with time-delay is chosen as con-
trolled object. Then, to suppress the common disturbance
problem during the chemical reaction process, the DOB-PID
is adopted. First, the PID controller and disturbance observer
are selected according to the controlled object, then over-
shoot, settling time, and rise time are selected as the control
system performance indicators, and the cost function of the
optimization algorithm is given. The optimal outer-loop feed-
back controller parameters are obtained through iteration, and
then a DOB-PID control system is constructed using CRNs.
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The function of the feedback controller is to track the refer-
ence point, and the disturbance observer aims at disturbance
suppression. The simulation results demonstrate that the
DOB-PID control system cam achieve a superior disturbance
suppression effect than the single feedback loop control sys-
tem. Second, a modified disturbance observer-based control
system (MDOB-PID) is constructed using CRNs such that
it is possible to model it without using the inverse nominal
model. The outcomes of the simulation demonstrate that the
MDOB can overcome the constraints of the inverse nominal
model and that the parameter design is more straightforward.
Third, the MDOB-PID control system is combined with a
feedforward controller, resulting in a modified disturbance
observer-based feedforward control system (FDOB-PID).
Then, using CRNs and DSD to realize the FDOB-PID control
system. The outcome demonstrates that the decoupling of
two control features is accomplished and that the superior
set value tracking effect and disturbance suppression effect
can be produced by individually adjusting the disturbance
observer and the feedforward controller. Finally, FDOB-PID
suggested in this research is used to manage the leakage
reaction to the calculation results. The leakage response in
the CRNs-based exponential operation gate is viewed as an
external disturbance. The approach suggested in this research
enables the exponential operation gate to acquire the right
computation result even when the leaky response occurs.

The contributions of this paper are as follows: (1) DOB-
PID control system is established using CRNs. The simu-
lation results show that the control system can suppress the
disturbance better while ensuring setpoint tracking character-
istics. (2) DOB-PID parameter tuning and the flow direction
algorithm are merged, and the automated parameter tuning
is accomplished by creating a cost function that incorporates
overshoot, rising time, and settling time. (3) The MDOB-PID
control system using CRNs is established, which does not
depend on the inverse nominal model and does not require an
external feedback control loop, which reduces the complexity
of designing controller parameters. (4) The CRNs-based and
DSD-based FDOB-PID control systems are constructed by
combining a feedforward controller with the MDOB-PID
control system. Two features of setpoint tracking and dis-
turbance suppression may be separated by configuring the
settings of the MDOB-PID and feedforward controllers inde-
pendently. The control system has a smaller overshoot and a
higher impact of disturbance suppression, according to sim-
ulation data. (5) Inside the framework of CRNs, exponential
operation gate is built. Then, the FDOB-PID is employed to
suppress the impact of leaky responses that occur inside the
exponential gate.

II. DOB-PID CONTROL SYSTEM
A. THEORETICAL BASIS
In this part, the basic theory for designing DOB-PID control
systems is introduced. As shown in Fig. 1, the block diagram
is the result of merging a disturbance observer and a feedback

FIGURE 1. Structure of DOB-PID control system.

FIGURE 2. Structure of PID control system.

loop into the DOB-PID control system. The control system
design is split into two steps: first, designing the disturbance
observer to calculate equivalent disturbance, then compen-
sating at the input end; second, designing the corresponding
outer loop feedback control controller to make the control
system meet expectations for performance.

According to Fig. 1, Gp(s) is the controlled object, K (s)
represents the PID controller, G−1

n (s) is the inverse nominal
model, Q(s) is the disturbance observer, the control output
signal, setpoint signal, disturbance signal, equivalent distur-
bance signal, and output signal are marked as u, r, d, d ′, and
y, respectively.

It can be obtained from Fig. 1 that two transfer functions
of the close-loop are

Gry =
Gp(s)Gn(s)K (s)

Gn(s)[1 + K (s)Gp(s)] + [Gp(s) − Gn(s)]Q(s)
(1)

Gdy =
Gp(s)Gn(s)[1 − Q(s)]

Gn(s)[1 + K (s)Gp(s)] + [Gp(s) − Gn(s)]Q(s)
(2)

where (1) is from the setpoint input signal r to the output
signal y, while (2) is from the disturbance signal d to the
output signal y.

From (1) and (2), it can be seen that when the nominal
model is accurate, that is, Gp(s) = Gn(s)

Gry =
Gp(s)K (s)

1 + K (s)Gp(s)
(3)

Gdy =
Gp(s)[1 − Q(s)]
1 + K (s)Gp(s)

(4)

Remark 1: It can be obtained from Fig. 2 that two transfer
functions of the close-loop are

Gry =
Gp(s)K (s)

1 + K (s)Gp(s)
(5)

Gdy =
Gp(s)

1 + K (s)Gp(s)
(6)

It is well known that the disturbance suppression charac-
teristic of a control system is determined by transfer function
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FIGURE 3. Block diagram of DOB-PID control system.

Gdy. The closerGdy is to 0, the more effective the control sys-
tem is in suppressing disturbances. At this time, comparing
Gdy in (3)(4) of theDOB-PID control system and that in (5)(6)
of the single feedback loop control system, it can be seen that
when the setpoint tracking characteristics are consistent, Gdy
in (4) is closer to 0. Therefore, the DOB-PID control system
is more effective in disturbance suppression.

The transfer function from control output signal u to sys-
tem output signal y is simplified as follow:

Guy =
Gp(s)Gn(s)

Gn(s) + (Gp(s) − Gn(s))Q(s)
=

Gp(s)
1−Q(s)

1 +
Q(s)
Gn(s)

Gp(s)
1−Q(s)

(7)

According to the transfer function (7), the structure in
Fig. 2 can be transformed into Fig. 3.
According to Fig. 3, K (s) is the feedback controller, C1(s)

and C2(s) are the equivalent controllers, which have the fol-
lowing forms, respectively.

K (s) = KP +
KI
s

+ KDs (8)

C1(s) =
1

1 − Q(s)
(9)

C2(s) =
Q(s)
Gn(s)

(10)

where Q(s) is depicted in (11)

Q(s) =
1

λ s+ 1
(11)

Remark 2: In this part, the basic theory for designing
DOB-PID control systems is introduced. The control system
design process is streamlined by splitting the control system
into two control loops. Then, comparing the transfer function
of DOB-PID control system with that of the single feedback
loop control system, it is found that the DOB-PID control
system has a better disturbance suppression effect.

B. TUNING THE DOB-PID PARAMETERS BY FLOW
DIREACTION ALGORITHM
In order to make the DOB-PID control system stable with
a smaller steady-state error and a shorter stable time, tuning
the parameters of the control system is deemed necessary.
In view of the fact that the flow direction algorithm(FDA) has
certain advantages in parameter tuning, such as faster tending
to the global optimum and fewer parameter settings, the FDA

is chosen to tune the DOB-PID control system parameters.
The process can be divided into five steps, as follows:

Step 1. The goal of optimization is to discover a set of
DOB-PID parameters that minimize the cost function. The
cost function is defined specifically as:

fobj = ω1 ∗ (mp)2 + ω2 ∗ (tr)2 + ω3 ∗ (ts)2 (12)

where mp is overshoot, ω1 is overshoot weight, tr is rise
time, ω2 is rise time weight, ts is settling time, and ω3 is
settling time weight. Since mp is the first performance index,
choose ω1 ≫ ω2, ω3. The mp, tr , and ts of the control sys-
tem corresponding to this set of parameters are all inversely
proportional to the cost function.

Step 2. Initialization. Initializing the number of search
points α. Then setting the search point as follow:

x =


k1P k1I k1D λ 1

k2P k2I k2D λ 2

. . . . . . . . . . . .

kα
P kα

I kα
D λα

 (13)

where kP, kI , and kD are PID parameters, λ is a disturbance
observer parameter. These search points represent different
DOB-PID parameters. Then setting the upper limit of itera-
tions as n, the initial search point coordinates xi is a random
coordinate within the search range, and the flow velocity is v.

Step 3. Calculating the cost function. Assigning the search
point to the DOB-PID model and returning the mp, tr , and
ts required by the cost function, then calculating the cost
function of the search point in accordance with (12).

Step 4. Updating search point position and flow direction.
According to the flow update strategy of FDA, updating
the locations of the search points and flow directions. The
historical optimal search point is found by comparing the cost
function. Then calculating the vector information between the
current search point and the historical optimal search point.
The following actions are detailed.

Action 1. Comparing the cost function of the neighbor
search points to the present search point. Equation (14) is
applied when fobj(x(i)) > fobj(x(j)); otherwise, (16) is
applied, where x(i) is the present search point, x(j) represents
the neighbor search point, and fobj(x(i)) is the cost function
of x(i).

Action 2. Executing the following calculation after desig-
nating the neighbor search point as the new optimal search
point.

new_xi = xi + v ∗
x(i) − x(j)

∥x(i) − x(j)∥
(14)

where the update equation for the flow rate v is

v = rand ∗
fobj(x(i)) − fobj(x(j))

∥x(i) − x(j)∥
(15)

where rand is random numbers to generate different solutions
and increase global search.

Action 3. Another search point is chosen at random if the
cost functions of all neighboring search points are higher than
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FIGURE 4. The relationship among the reactant species used to
implement the controller C1(s)

FIGURE 5. The relationship among the reactant species used to
implement the controller C2(s) .

that of the present search point. Then moving the search point
toward the random search point, when fobj(x(r)) < fobj(x(i)).
Otherwise, moving the search point along the direction of the
optimal search point.

new_xi =



xi + rand ∗
x(r) − x(i)

∥x(r) − x(i)∥
,

fobj(x(r)) < fobj(x(i))

xi + rand ∗
best_x(i) − x(i)

∥best_x(i) − x(i)∥
,

fobj(x(r)) > fobj(x(i))

(16)

where x(r) is the random search point, best_x(i) is the histor-
ical optimal search point.

Step 5. Verifying if the upper limit of iterations has been
reached. If the termination conditions are met, the current
optimal PID parameters will be output; otherwise, step 3 is
repeated.
Remark 3: In this part, the process of tuning the four

parameters in DOB-PID using the FDA is introduced. The
control system can get a reduced overshoot and a quicker
stabilization time via parameter tuning. Subsequent control
system parameters are all determined by the FDA, and only
the search point dimension in step 2 needs to be changed. The
method in this paper saves a significant amount of computa-
tion time when compared to earlier empirical methods and
internal model methods.

C. CRNS-BASED DOB-PID CONTROL SYSTEM
In order to make K (s), C1(s), and C2(s) more suitable for the
implementation of CRNs, they are approximated as follows:

K (s) = KP +
KI
s

+ KDs = k6 +
k7
s

−
k8

s+ k9
(17)

C1(s) =
1

1 − QA(s)
= 1 +

1
λAs

= k1 +
k2
s

(18)

C2(s) =
QB(s)
Gn(s)

=
Ts+ 1

λBs+ 1
= k3 +

k4
s+ k5

(19)

Equations (18)(19) are obtained by combining and approx-
imating (9)-(11), and (17) is obtained by approximating
(8),where k1 = 1, k2 =

1
λ
, k3 =

T
λ
, k4 =

λ−T
λ 2 , k5 =

1
λ
,

k6 = kP +
kD
τ
, k7 = kI , k8 =

4kD
τ 2

, k9 =
2
τ
. The control

FIGURE 6. The relationship among the reactant species used to
implement the controller K (s) .

FIGURE 7. Visual depiction of CRNs for K (s) (20)-(24).

structures of the controllers K (s), C1(s), and C2(s) can be
determined from (17)-(19) and are seen in Fig. 4, Fig. 5, and
Fig. 6, respectively.
According to (17)-(19), the CRNs of DOB-PID can be

obtained as follows:

R± cat
→R±

+ E±,Y± cat
→Y±

+E∓,E± deg
→ φ,E+

+E− ann
→ φ

(20)

E± k6
→E±

+ X±

1 ,X±

1
deg
→ φ,X+

1 + X−

1
ann
→ φ (21)

E± k7
→E±

+ X±

2 ,X+

2 + X−

2
ann
→ φ (22)

E± k8
→E±

+ X±

3 ,X±

3
k9
→ φ,X+

3 + X−

3
ann
→ φ (23)

X±

1
cat
→X±

1 + V±,X±

2
cat
→X±

2 + V±,X±

3
cat
→X±

3 + V∓ (24)

The feedback controllerK (s) shown in Fig. 6 is established
by (20)-(24). The tracking error signal e = r − y is generated
by (20). The integral element x1 = k6e, the integral element
x ′′, and the differential element x ′′ are expressed in (21)-(23).
The summing process of x1, x2, and x3 is expressed by the
(24). Visual depiction of (20)-(24) is shown in Fig. 7.

Q± cat
→Q±

+ V±,V+
+ V− ann

→ φ (25)

V± k1
→V±

+ X±

4 ,X±

4
deg
→ φ,X+

4 + X−

4
ann
→ φ (26)

V± k2
→V±

+ X±

5 ,X+

5 + X−

5
ann
→ φ (27)

X±

4
cat
→X±

4 +M±,X±

5
cat
→X±

5 +M±,M± ann
→ φ (28)

Y± k3
→Y±

+ X±

6 ,X±

6
deg
→ φ,X+

6 + X−

6
ann
→ φ (29)

Y± k4
→Y±

+ X±

7 ,X±

7
k5
→ φ,X+

7 + X−

7
ann
→ φ (30)

X±

6
cat
→X±

6 + Q±,X±

7
cat
→X±

7 + Q±,Q± deg
→ φ (31)

The controller C1(s) shown in Fig. 4 is established by (25)-
(28). The controller C2(s) shown in Fig. 5 is established by
(29)-(31). The disturbance compensation signal δ = v − d ′′
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FIGURE 8. Visual depiction of CRNs for C1(s) and C2(s) (25)-(31).

TABLE 1. Parameters of controlled object Gp(s).

TABLE 2. Parameters of DOB-PID and corresponding reaction rates.

is generated by (25). The integral element x4 = k1δ and the
integral element x ′′ are expressed in (26)-(27). The summing
process of x4 and x5 is expressed by (28). The integral element
x6 = k3e and the integral element x ′′ are expressed in (29)-
(30). The summing process of x6 and x7 is expressed by (31).
Visual depiction of (25)-(31) is shown in Fig. 8.
The kinetic equations of the reactant species in (20)-(31)

can be represented by the following equations:

ė± = cat ∗ r±
+ cat ∗ y∓ − deg ∗ e± − ann ∗ e+e− (32)

ẋ±

1 = k6 ∗ e± − deg ∗ x±

1 − ann ∗ x+

1 x
−

1 (33)

ẋ±

2 = k7 ∗ e± − ann ∗ x+

2 x
−

2 (34)

ẋ±

3 = k8 ∗ e± − k9 ∗ x±

3 − ann ∗ x+

3 x
−

3 (35)

δ̇±
= cat ∗ v± + deg ∗ d∓

− deg ∗ δ±
− ann ∗ δ+δ− (36)

ẋ±

4 = k1 ∗ δ±
− deg ∗ x±

4 − ann ∗ x+

4 x
−

4 (37)

ẋ±

5 = k2 ∗ δ±
− deg ∗ x±

5 − ann ∗ x+

5 x
−

5 (38)

ẋ±

6 = k3 ∗ y± − deg ∗ x±

6 − ann ∗ x+

6 x
−

6 (39)

ẋ±

7 = k4 ∗ y± − k5 ∗ x±

7 − ann ∗ x+

7 x
−

7 (40)

Remark 4: This section gives the chemical reaction net-
works used to realize DOB-PID. By utilizing the CRNs

FIGURE 9. (a) The process of tuning controller parameters in DOB-PID by
FDA (b) Step response of DOB-PID control system.

TABLE 3. Step response performance of PID and DOB-PID based on
CRNs, when r (t) = 1(t), d (t) = 0(t).

TABLE 4. Step response performance of PID and DOB-PID based on
CRNs, when r (t) = 1(t), d (t) = 1(t).

(20)-(31) provided in this section, it is possible to carry out
the simulation of the CRNs-based DOB-PID control system.

D. CRNS-BASED CONTROLLED OBJECT
The controlled object for this paper is a first-order system
with time-delayGp(s) =

K
Ts+1e

−θs. Then the time-delay term
e−θs in the object Gp(s) is approximated utilizing the first-
order Padé approximation. As a result, the controlled plant is
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FIGURE 10. Step response curve of PID [16] and DOB-PID based on CRNs
(a) when r (t) = 1(t), d (t) = 0(t) (b) when r (t) = 1(t), d (t) = 1(t).

rewritten as:

GP(s) =
K

Ts+ 1
e−θs

=
K

Ts+ 1
2 − θs
2 + θs

=
g1

s+ g2

(
g3

s+ g4
− 1

)
(41)

where g1 =
K
T , g2 =

1
T , g3 =

4
θ
, and g4 =

2
θ
. According to

(41), the CRNs of the object Gp(s) can be obtained in (42)-
(44).

M± g1
→M±

+ P±

1 ,P±

1
g2
→ φ,P+

1 + P−

1
1

→ φ (42)

P±

1
g3
→P±

1 + P±

2 ,P±

2
g4
→ φ,P+

2 + P−

2
1

→ φ (43)

P±

1
1

→P±

1 + Y∓,P±

2
1

→P±

2 + Y±,Y± g4
→ φ,Y+

+ Y− 1
→ φ

(44)

The kinetic equations of the reactant species in (42)-(44)
can be represented by the following equations:

Ṗ±

1 = g1 ∗M±
− g2 ∗ P±

1 − ann ∗ P+

1 P
−

1 (45)

Ṗ±

2 = g3 ∗ P±

1 − g4 ∗ P±

2 − ann ∗ P+

2 P
−

2 (46)

Ẏ±
= cat ∗ P∓

1 + cat ∗ P±

2 − deg ∗ Y±
− ann ∗ Y+Y−

(47)

FIGURE 11. MDOB-PID control system.

FIGURE 12. MDOB-PID control system.

Remark 5: Since first-order systems can better represent
molecular processes and are easier to implement and analyze,
in the analysis and design of molecular processes, higher-
order systems are often approximated to first-order systems
by the model step-down method as follows:

Gp(s) =
K

Ts2 + s+ 1
e−θs

≈
K

Ts+ 1
1

s + 1
e−θs

= Gp1(s)Gp2(s) (48)

where Gp1(s) =
K

Ts+1e
−θs and Gp2(s) =

1
s+1 .

E. SIMULATION OF CRNS-BASED DOB-PID CONTROL
SYSTEM
In this subsection, the step response of CRNs-based PID [16]
and CRNs-based DOB-PID are compared. The parameters of
the object Gp(s) of (41) are shown in Table 1.
The four parameters (kP, kI , kD, and λ ) of the DOB-PID of

(17)-(19) must be tuned for the sake of improving the control
performance of the DOB-PID control system.

The parameter optimization process of DOB-PID and the
step response after optimization are shown in Fig. 9. Accord-
ing to the optimization results of the FDA, the optimal control
system parameters can be obtained as kP = 9.68, kI = 0.028,
kD = 100.44, and λ = 150.18.

The reaction rates of CRNs in Table 2 can be obtained by
(17)-(19).

Through Visual DSD for simulation, the step response
curves for PID [16] and DOB-PID are shown in Fig. 10,
where Output-PID represents the step response of PID
[16] and Output-DOB-PID represents the step response
of DOB-PID.

According to Fig. 10, since the addition of the disturbance
observer introduces an additional integral link, when there is
no disturbance in the system, the DOB-PID control system
demonstrates a superior tracking effect of the setpoint com-
pared to the single feedback loop control system. When there
is a disturbance d(t) = 1(t), the DOB-PID control system
exhibits a significantly superior ability to suppress distur-
bances compared to its counterpart, PID [16]. Additionally,
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FIGURE 13. The relationship among the reactant species used to
implement the controller C1(s) .

FIGURE 14. The relationship among the reactant species used to
implement the controller C2(s) .

FIGURE 15. Visual depiction of CRNs for MDOB-PID (59)-(66).

PID [16] has produced a larger overshoot, and the settling
time is obviously increased, while the DOB-PID control
system does not produce a large amount of overshoot, and
the settling time is shorter. The above outcomes prove that
the DOB-PID control system can meet higher disturbance
suppression requirements without affecting setpoint tracking.
The respective data in detail are displayed in Table 3 and
Table 4.
Remark 6: In this part, a simulation comparison between

the single feedback loop control system [16] and the CRNs-
based DOB-PID control system is provided. It is demon-
strated that the molecular control system can exhibit an
enhanced ability to suppress disturbances with the addition
of a disturbance observer. However, it is discovered that the
DOB-PID control system has several limitations, such as its
reliance on the inverse nominal model. To overcome this
limitation, the expectationmodel is used instead of the inverse
nominal model in the next section of this paper. The modified
control system will no longer depend on the inverse nominal
model.

III. MODIFIED OBSERVER-BASED PID CONTROL SYSTEM
A. THEORETICAL BASIS
The classic disturbance observer relies on the inverse nominal
model. The modified disturbance observer-based PID control
system (MDOB-PID) is suggested to get rid of this restriction,
whose basic block diagram is shown in Fig. 11.

TABLE 5. Parameters of Gp(s).

TABLE 6. Parameters of the MDOB-PID control system.

According to Fig. 11, K (s) is the pre-compensator, Q(s) is
the filter,H (s) is the expectation model, r represents the input
signal, d is the external disturbance signal, u is the control
output signal, y is the system output signal.

As shown in Fig. 11, by including an adjustable expecta-
tion model H (s), the MDOB-PID avoids the dependence of
the classical DOB-PID on the inverse nominal model. The
MDOB-PID control system can be seen as the DOB-PID
control system without feedback controller when K (s) =

1 and H (s) = Gn(s), which lowers the total control system
design complexity. Two transfer functions of the close-loop
are:

Gry =
G(s)H (s)K (s)

H (s) [1 − Q(s)] + G(s)Q(s)K (s)
(49)

Gdy =
G(s)H (s)[1 − Q(s)]

H (s)[1 − Q(s)] + G(s)Q(s)K (s)
(50)

where (49) is from input signal r to output signal y, while (50)
is from disturbance signal d to output signal y. Meanwhile,
K (s), Q(s), and H (s) have the following forms

K (s) = KPD + λ s (51)

Q(s) =
1

τqs+ 1
(52)

H (s) =
1

τcs+ 1
(53)

where KPD and λ are parameters of the pre-compensator, τq
is parameter of the filter, τc is parameter of the expectation
model. To make G(s)K (s) ≈ H (s) as much as possible, let
KPD =

T
Kτc

(T and K are parameters of the controlled plant).
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TABLE 7. Step response performance of MDOB-PID based on CRNs, when
r (t) = 1(t), d (t) = 0(t).

TABLE 8. Step response performance of MDOB-PID based on CRNs, when
r (t) = 1(t), d (t) = 2(t).

Transfer function (48) is simplified as follow:

Gry =

Q(s)G(s)K (s)
H (s)[1−Q(s)]

1 +
Q(s)G(s)K (s)
H (s)[1−Q(s)]

∗
H (s)
Q(s)

(54)

According to the transfer function (54), a transformed
structure of the MDOB-PID control system presented in
Fig. 12.
According to Fig. 12, C1(s) and C2(s) are the equivalent

controllers, which have the following forms, respectively.

C1(s) =
H (s)
Q(s)

=
τqs+ 1
τcs+ 1

(55)

C2(s) =
Q(s)K (s)

H (s)[1 − Q(s)]
= kP +

kI
s

+ kDs (56)

where kP =
T
Kτq

+
λ

τq
, kI =

T
Kτqτc

, kD =
λτc
τq

.
Remark 7: In this part, the basic theory for designing

MDOB-PID control system is introduced. The modified con-
trol system gets rid of the limitation of the classical DOB-PID
control system, which relies on the inverse nominal model,
by introducing an adjustable expectation model.

B. CRNS-BASED MDOB-PID CONTROL SYSTEM
In order to make C1(s) and C2(s) more suitable for the imple-
mentation of CRNs, they are approximated as follows:

C1(s) =
H (s)
Q(s)

=
τqs+ 1
τcs+ 1

= k1 +
k2

s+ k3
(57)

C2(s) =
Q(s)K (s)

H (s)[1 − Q(s)]
= kP +

kI
s

+ kDs

= k4 +
k5
s

−
k6

s+ k7
(58)

where k1 =
τq
τc

, k2 =
τc−τq

τ 2c
, k3 =

1
τc

, k4 = kP+
2kD
τ

, k5 = kI ,

k6 =
4kD
τ 2

,and k7 =
2
τ
.

The control structures of the controllers C1(s), and C2(s)
can be determined from (57)-(58) and are seen in Fig. 13 and

FIGURE 16. (a) The process of tuning controller parameters in MDOB-PID
by FDA (b) Step response of MDOB-PID control system.

Fig. 14, respectively, whose CRNs are as follows:

R± k1
→R±

+ X±

1 ,X±

1
deg
→ φ,X+

1 + X−

1
ann
→ φ (59)

R± k2
→R±

+ X±

2 ,X±

2
k3
→ φ,X+

2 + X−

2
ann
→ φ (60)

X±

1
cat
→X±

1 + V±,X±

2
cat
→X±

2 +V±,V± deg
→ φ,V+

+ V− ann
→ φ

(61)

V± cat
→V±

+ E±,Y± cat
→Y±

+ E∓,E± deg
→ φ,E+

+E− ann
→ φ

(62)

E± k4
→E±

+ X±

3 ,X±

3
deg
→ φ,X+

3 + X−

3
ann
→ φ (63)

E± k5
→E±

+ X±

4 ,X+

4 + X−

4
ann
→ φ,X±

4
cat
→X±

4 +M± (64)

E± k6
→E±

+ X±

5 ,X±

5
k7
→ φ,X+

5 + X−

5
ann
→ φ (65)

X±

3
cat
→X±

3 +M±,X±

5
cat
→X±

5 +M∓,M± deg
→ φ,M+

+M− ann
→ φ

(66)

The controller C1(s) shown in Fig. 13 is established by
(59)-(61). The controllerC2(s) shown in Fig. 14 is established
by (63)-(66). The tracking error signal e = v− y is generated
by (62). The integral element x1 = k1r and the differential
element x ′′ are expressed in (59)-(60). The summing process
of x1 and x2 is expressed by (61). The integral element
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FIGURE 17. Step response curve of MDOB-PID based on CRNs when
r (t) = 1(t), d (t) = 0(t).

FIGURE 18. Step response curve of MDOB-PID based on CRNs when
r (t) = 1(t), d (t) = 2(t).

FIGURE 19. Structure of FDOB-PID control system.

FIGURE 20. The relationship among the reactant species used to
implement the controller Kf (s) .

x3 = k4e, the integral element x4 = k5e, and the differential
element x5 = k6x3 + k7e, are expressed in (63)-(65). The
summing process of x3, x4, and x5 is expressed by (66). Visual
depiction of (59)-(66) is shown in Fig. 15.

The kinetic equations of the reactant species used to imple-
ment the MDOB-PID in (59)-(66) can be represented by the

FIGURE 21. Visual depiction of CRNs for Kf (s) (77)-(79).

following equations:

ẋ±

1 = k1 ∗ r±
− deg ∗ x±

1 − ann ∗ x+

1 x
−

1 (67)

ẋ±

2 = k2 ∗ e± − k3 ∗ x±

2 − ann ∗ x+

2 x
−

2 (68)

ė± = cat ∗ v± + deg ∗ y∓̄ − deg ∗ e± − ann ∗ e+e− (69)

ẋ±

3 = k4 ∗ e± − deg ∗ x±

3 − ann ∗ x+

3 x
−

3 (70)

ẋ±

4 = k5 ∗ e± − ann ∗ x+

4 x
−

4 (71)

ẋ±

5 = k6 ∗ e± − k7 ∗ x±

5 − ann ∗ x+

5 x
−

5 (72)

Remark 8: The CRNs used to implement MDOB-PID
are presented in this part. By utilizing the CRNs (59)-(66)
provided in this subsection, it is possible to carry out the
simulation of the CRNs-based MDOB-PID control system.
Then, according to the transfer function (49)-(50), it can
be found that there are two kinds of control characteris-
tic coupling problems in the existing improvement scheme,
and the existing problems will be further explained through
simulation.

C. SIMULATION OF CRNS-BASED MDOB-PID CONTROL
SYSTEM
In this subsection, the validity of the MDOB-PID con-
trol system described in (59)-(66) is confirmed through the
simulation.
The parameters of the controlled object Gp(s) of (41) are

listed in Table 5. Similarly, the FDA is used to tune the two
parameters (τq and τc) in the MDOB-PID of (59)-(66).
The parameter optimization process of MDOB-PID and

the step response after optimization are shown in Fig. 16.
According to the optimization results of the FDA, the optimal
control system parameters can be obtained as τq = 2 × 105

and τc = 2×105. To verify the issue of coupling between the
two features of MDOB-PID, the parameter τc is kept constant
while enlarging the value of τq to 4 × 105 and reducing the
value of τq to 105, respectively, after which their step response
performance will be compared. The reaction rates of CRNs
shown in Table 6 can be obtained by (57)-(58).
Through Visual DSD for simulation, the step response

curves for MDOB-PID are shown in Fig. 17 and Fig. 18,
where Output-τq = 4 × 105, Output-τq = 2 × 105, and
Output-τq = 105 represent the step response of MDOB-PID
under different parameters, respectively.
As shown in Fig. 17 and Fig. 18, when there is no distur-

bance in the MDOB-PID control system, a lower value of τq
leads to a more rapid step response, that is, the smaller rise
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FIGURE 22. Schematic diagram of a DNA molecule for annihilation

reaction M+ + M− k
→ φ.

TABLE 9. Parameters of the MDOB-PID and FDOB-PID based on CRNs.

time and the smaller overshoot. When there is disturbance
d(t) = 1(t) in the system, the smaller the τq is, the stronger
the disturbance suppression effect will be. At the same time,
it is also found that when τq < τc the system step response
will produce a certain oscillation and the settling time will
become longer. It means that when lowering the value of τq
to obtain the stronger disturbance suppression effect, its set-
point tracking will be weakened, in other words, the current
MDOB-PID control system couples the disturbance suppres-
sion characteristic with the setpoint tracking characteristic.
A compromise between the two parameters is required. The
respective data in detail are displayed in Table 7 and Table 8.
Remark 9: A simulation comparison of the CRNs-based

MDOB-PID under different parameter conditions is pro-
vided. It is demonstrated that the MDOB-PID control system
is capable of overcoming its reliance on the inverse nominal
model. At the same time, it is also found that there are still
some problems in the MDOB-PID control system, such as
the coupling of two control characteristics. To solve this
problem, the solution is given in the next paragraph of this
paper, namely, combining the feed-forward controller with
the MDOB-PID controller system to achieve decoupling of
the control characteristics.

IV. FDOB PID CONTROL SYSTEM
A. DESIGN IDEAL
According to the two transfer functions (49)(50) of the
MDOB-PID control system, it discovers that both of them
include filters Q(s) and H (s), which indicates that its setting

FIGURE 23. (a) The process of tuning controller parameters in FDOB-PID
by FDA (b) Step response of FDOB-PID control system.

TABLE 10. Step response performance of FDOB-PID based on CRNs,
when r (t) = 1(t), d (t) = 0(t).

point tracking characteristics and disturbance suppression
characteristics have not been decoupled, meaning that τq and
τc can only be set to make a compromise between the setting
point tracking characteristic and the disturbance suppression
characteristic. In order to decouple the two characteristics,
a feedforward controller is added to the control system, and
the block diagram is shown in Fig. 19.
With reference to Fig. 19, two transfer functions of

close-loop can be obtained as follows:

Gry =
G(s)H (s)K (s) + G(s)Kf (s)[1 − Q(s)]
H (s)[1 − Q(s)] + G(s)Q(s)K (s)

(73)

Gdy =
G(s)H (s)[1 − Q(s)]

H (s)[1 − Q(s)] + G(s)Q(s)K (s)
(74)

where (73) is from input signal r to output signal y and
(74) is from disturbance signal d to output signal y. While
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FIGURE 24. Step response curve of FDOB-PID based on CRNs, when
r (t) = 1(t), d (t) = 0(t).

FIGURE 25. Step response curve of different control system based on
CRNs when r (t) = 1(t), d (t) = 0(t).

FIGURE 26. Step response curve of different control system based on
CRNs when r (t) = 1(t), d (t) = 2(t).

feedforward controller Kf (s) has the following form

Kf (s) = −(α + βs) (75)

where α and β are parameters of feedforward controller.
According to Fig. 19 and two transfer functions (73)(74),

evidently, the FDOB-PID control system is capable of real-
izing the decoupling of set-point tracking characteristic and
disturbance suppression characteristic without relying on

FIGURE 27. Step response curve of different control system based on
DSD when r (t) = 1(t), d (t) = 0(t).

the inverse nominal model. The design idea is to realize
disturbance suppression by designing disturbance observer
parameters τq and τc, and then designing feedforward param-
eters to realize set-point tracking.

B. CRNS-BASED FDOB-PID CONTROL SYSTEM
In order to make Kf (s) more suitable for the implementation
of CRNs, it is approximated as follow:

Kf (s) = −(α + βs) = k8 −
k9

s+ k10
(76)

The control structure of the controllers Kf (s) can be deter-
mined from (76) and is seen in Fig. 20, whose CRNs are as
follows:

R± k8
→R±

+ X±

6 ,X±

6
ann
→ φ,X+

6 + X−

6
deg
→ φ (77)

R± k9
→E±

+ X±

7 ,X±

7
k10
→ φ,X+

7 + X−

7
deg
→ φ (78)

X±

6
cat
→X±

6 +M∓,X±

7
cat
→X±

7 +M±,M± deg
→ φ,M− deg

→ φ

(79)

The controller Kf (s) shown in Fig. 20 is established by
(77)-(79). The integral element x6 = k8e and the integral
element x7 = k10x3 + k9e are expressed in (77)-(78). The
summing process of x6 and x7 is expressed by (78). The
FDOB-PID based on CRNs can be formed by (59)-(66) and
(77)-(79). Visual depiction of (77)-(79) is shown in Fig. 21.
Remark 10: In this section, aiming at the coupling problem

of set-point tracking and disturbance suppression existing in
MDOB-PID, the design idea of FDOB-PID control system
design is given. FDOB-PID realizes the decoupling of two
characteristics, and the parameter design is freer and more
convenient. Then, the CRNs for realizing FDOB-PID are
given. The simulation of the FDOB-PID control system can
be completed by (59)-(66) and (77)-(79) given in this section.

C. FDOB-PID CONTROL SYSTEM BASED ON DSD
The DSD reaction utilizes the replaced single strand for
signal transmission in DNA computing processes, effectively
solving the issue of signal transmission in DNA computing.

VOLUME 11, 2023 113171



W. Zhang, H. Lv: DOB-PID Using DNA Strand Displacement and Its Application in Exponential Gate

TABLE 11. Step response performance of different control system based
on CRNs, when r (t) = 1(t), d (t) = 0(t).

TABLE 12. Step response performance of different control system based
on CRNs, when r (t) = 1(t), d (t) = 2(t).

TABLE 13. Step response curve of different control system based on DSD,
when r (t) = 1(t), d (t) = 0(t).

As a result, the DSD reaction enables the construction of logic
gates, as well as more intricate molecular controllers and
arithmetic gates, using DNA molecules. Meanwhile, DNA
molecules are considered to be one of the ideal materials
for constructing CRNs. Catalysis reactions, annihilation reac-
tions, and degradation reactions in CRNs can be performed
using DSD reaction network modules. For example, an anni-

hilation reaction in CRNs of (66) is M+
+ M− k

→ φ,which
can be converted into DSD as follows:

sp1 +M ′ k
→ sp5 + sp6 (80)

Ann1 +M k
⇔ sp1 + Ann3 (81)

sp2 +M
k

→ sp3 + sp4 (82)

Ann2 +M ′ k
⇔ sp2 + Ann4 (83)

where Ann1,Ann2,Ann3,and Ann4 are auxiliary substrates.
Their initial concentration is chosen to be Cmax = 1000nm
to ensure that they fully react with the input chemicals.M and
M ′ represent the reactants M+ and M− in the annihilation
reaction. sp1, sp2, sp3, sp4, sp5, and sp6 are all intermediate
products.

A schematic diagram of the DNAmolecule of the annihila-

tion reactionM+
+M− k

→ φ in (66) is shown in Fig. 21. The
reactants and products in (80)-(81) can bemapped to theDNA
molecule in Fig. 22. According to (80) and (81), the toehold t
in the single-strandedM+ and the toehold t∗ in the auxiliary

substrate Ann1 undergo DSD reaction based on the princi-
ple of complementary base pairing. Subsequently, domain
m undergoes branch migration, resulting in the formation
of the auxiliary substrate Ann2 and intermediate sp1. After-
wards, intermediate sp1 further undergoes DSD reactions
with single-strandedM− following the principle of base com-
plementary pairing, leading to the generation of the released
substances sp5 and sp6. Simultaneously, (82) and (83) also
undergo the aforementioned reactions until the annihilation
of the initial substratesM+ andM−. By realizing the catalytic
reaction, degradation reaction, and annihilation reaction of
CRNs in the DSD reaction network, a firm groundwork has
been established to actualize FDOB-PID within the DSD
reaction network.

D. SIMULATION OF CRNS-BASED AND DSD-BASED
FDOB-PID CONTROL SYSTEM
The simulation between MDOB-PID of (59)-(66), and the
FDOB-PID of (59)-(66) with (77)-(79) is given in this
subsection. The controlled object Gp(s)f (41) are listed in
Table 5.
Similarly, the FDA is used to tune the four param-

eters (τq, τc, α,and β) in the FDOB-PID of (59)-(66)
with (77)-(79).

The parameter optimization process of FDOB-PID and
the step response after optimization are shown in Fig. 23.
According to the optimization results of the FDA, the optimal
control system parameters can be obtained as τq = 2 ×

105, τc = 2×105, α = 0.025, and β = 1×105. The reaction
rates of CRNs shown in Table 9 can be obtained by (57)- (58)
with (76).

The step response curves for MDOB-PID and FDOB-
PID are obtained from Visual DSD as shown in Fig. 24,
where Output-MDOB-PID represents the step response of
MDOB-PID and Output-FDOB-PID represents the step
response of FDOB-PID.

As shown in Fig. 24, when there is no external distur-
bance in the system, although the rise time of the step
response becomes larger after adding a feedforward con-
troller, it reduces the oscillation of the control system and the
overshoot is almost 0, the settling time of the step response
becomes shorter, and the system tends to a stable state
faster. The FDOB-PID control system can adjust its ability
to suppress disturbances by altering the values of τq and
τc. Additionally, the parameters α and β can be adjusted to
modify the setpoint tracking capabilities of the FDOB-PID
control system, and there is no need to choose parameters
between the two characteristics. Smaller overshoot and a
better disturbance suppression effect can be accomplished
through parameter adjustment, and the control system goes
to a stable state more quickly. The data in detail are displayed
in Table 10.
For the purpose of proving the superiority of the FDOB-PID

control system even more, the PID [16], the 2DOF-PID [17],
and the IMC-PID [28] are selected as the comparison objects.
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FIGURE 28. Structure of the exponential gate control system.

FIGURE 29. Calculation results of exponential gate (a) when there is no
leak reaction (b) when the initial species x leak.

The controlled objects are Gp(s) of (41) listed in Table 5. The
step response can be obtained as shown in Fig. 25 and Fig. 26.
The step response curves for PID [16], 2DOF-PID [17],

IMC-PID [28], and FDOB-PID are accepted from Visual
DSD as shown in Fig. 25 and Fig. 26,where Output-PID
represents the step response of PID [16], Output-2DOF PID
represents the step response of 2DOF PID [17], Output-
IMC PID represents the step response of IMC PID [28],
and Output-FDOB-PID represents the step response of
FDOB-PID.

As can be seen in Fig. 25 and Fig. 26, PID [16], 2DOF-
PID [17], IMC-PID [28], and the FDOB-PID in this paper
are compared. When there is no external disturbance in the
system, the step response overshoot of the FDOB-PID in
this paper is 0%, which is significantly lower than the PID
[16], 2DOF-PID [17], and IMC-PID [28]. When there is an
external disturbance d(t) = 2(t), the disturbance suppression
effect of the FDOB-PID is stronger than that of PID [16],

FIGURE 30. Calculation results of exponential gate control system with
leak reaction.

2DOF-PID [17], and IMC-PID [28], the step response curve
is smoother, and the settling time is 1124415s. At the same
time, the overshoot of FDOB-PID is 7.6%, which is smaller
than the 2DOF-PID [17] and IMC-PID [28]. Although the
settling time of PID [16] can be shorter, its overshoot has
a value of 31.11%, which is much larger than the control
system in this paper. Detailed information on the specific data
is presented in Table 11 and Table 12. In summary, the simu-
lation results indicate that the FDOB-PID based on CRNs has
certain advantages in terms of overshoot and settling time.

It is well known that DSD has the capability of implement-
ing three fundamental reaction modules, namely, catalytic
reaction, annihilation reaction, and degradation reaction,
in CRNs. The CRNs in (42)-(44), (59)-(66), and (77)-(79) are
composed of these three reaction modules. Next, this paper
realizes the DSD-based FDOB-PID by mapping the abstract
CRNs to DSD.

The step responses of PID [16], 2DOF-PID [17], IMC-PID
[28], and the FDOB-PD based on the DSD reaction networks
are given in Fig. 27.

As shown in Fig. 27 and Table 13, all four control systems
can correctly track the setpoint, but three times overshoots of
the FDOB-PID are 0.11%, 2.11%, and 2.52%, respectively,
which are smaller than the overshoots of the other three
control systems.
Remark 11: In this part, several simulations and com-

parisons between the FDOB-PID control system and other
molecular control systems are provided. As shown in Fig. 25-
Fig. 27 and Table 11 - Table 13, the FDOB-PID control
system is superior to other molecular controllers in terms of
overshoot and settling time.

V. ESTABLISHING AN EXPONENTIAL GATE CONTROL
SYSTEM TO SUPPRESS LEAKY REACTION
The DSD reaction enables the construction of molecular
arithmetic gates using DNA molecules which are essential
components of DNA computing.Meanwhile, themost typical
use of biological controllers in applications is to restrain leak
reactions in operational gates. In this subsection, an expo-
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nential gate is constructed by DSD, where the leak reaction
is treated as a disturbance. Then the FDOB-PID is used to
restrain the impact of the leak reaction. Since there is no
ready-made exponential operation method in CRNs, it uses
the series expansion method to expand and sum the expo-
nential operation, and finally get the result of the exponential
operation, that is, convert the exponential operation into addi-
tion and multiplication.

ex = 1 + x +
1
2!
x2 +

1
3!
x3 + o

(
x3

)
(84)

The exponential gate can be built by CRNs as follows:

R± K
→B±,A± K1

→B±, 2A± K2
→B± (85)

3A± K3
→B±, 4A± K4

→B±, 5A± K5
→B± (86)

A± γ
→ φ (87)

where R± represents the constant initial value concentration,
A± represents the initial concentration of exponent x, B±

represents the concentration of ex after exponential operation,
Kn represents the reaction rate. In order to make the approx-
imate result closer to the exact value, (84) is expanded to the
fifth term. The exponential gate control system is established
by combining a FDOB-PID control system, a multiplication
gate, and an accumulator, as shown in Fig. 28.
e1, e2, and e−1 are selected to verify the effectiveness of

the exponential operation gate. As shown in Fig. 29(a), when
there is no leak reaction, the calculation results are 2.718,
7.355, and 0.368, which prove that the exponential operation
gate can obtain accurate calculation outcomes. However, if a
leak reaction occurs, since the input value x of the exponential
operation gate can be multiplied and added to obtain the out-
put, even a small leak reaction can cause calculation errors.
According to Fig. 29(b), the calculation results are 2.413,
6.855, and 0.167, respectively.

For the sake of suppressing the impact of leak reaction on
calculation outcomes, the FDOB-PID is used to establish an
exponential operation control system, as shown in Fig. 28.
The output curve of the exponential operation control sys-

tem with a leak reaction can be seen in Fig. 30. It can be
observed that the final results e1, e2, and e−1 are 2.718, 7.355,
and 0.368, respectively. Therefore, the FDOB-PID control
system is capable of efficiently suppressing the impact of leak
reaction, thereby ensuring accurate computation outcomes.
Remark 12: In this section, FDOB-PID and molecular

exponential gates are utilized to construct an exponential
gate control system, as depicted in Fig. 28. The simulation
results, presented in Fig. 30, demonstrate that FDOB-PID
can effectively suppress the influence of leak reactions in
exponential gates on calculation outcomes.

VI. CONCLUSION
The DOB-PID control system is established using CRNs
and DSD in this paper. The primary aim of this system is
suppressing the impact of leak reactions on the exponen-
tial gate. First, a DOB-PID control system is established

by CRNs, whose parameters are tuned by flow direction
optimization algorithm. The derivation of transfer function
and simulation results indicate that the DOB-PID control
system exhibits a superior ability to suppress disturbances.
Then, the structure of the disturbance observer is improved,
leading to the establishment of a MDOB-PID control system
via CRNs, which overcomes the limitation that the classical
disturbance observer depends on the plantmodel. Afterwards,
combining feedforward controller and disturbance observer,
a FDOB-PID control system is established using CRNs and
DSD. It proves that the FDOB-PID control system, which
has a stronger disturbance suppression effect and a lower
overshoot, can realize the decoupling of the disturbance
suppression characteristic and the setpoint tracking character-
istic. Finally, for the sake of suppressing the impact of the leak
reactions, an exponential gate control system is established.
Based on the simulation outcomes, it is permissible to draw
the conclusion that the FDOB-PID control system is capable
of efficiently suppressing the impact of leak reactions and
obtain correct calculation results. More attention will be paid
to combining control theory with biochemistry to explore
more effective methods to suppress the leak reaction in bio-
chemical processes in future.
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