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Abstract—This paper reports the development of a cascade PID
type control scheme for a MIMO spinbath circulation process
regulation. In the proposed scheme, the dynamic model of the
complete spinbath circulation process is first developed using
concepts from fluid dynamics. Reduction of the obtained model
through lumping of identical processes as well as linearization
techniques is then conducted to obtain a simplified MIMO linear
system with cascading control structure. A cascade PI control
configuration is then constructed to achieve simultaneous control
objectives in the interacting process variables of the developed
simplified model [1]–[3]. More specifically, the proposed cascade
controller is of the type of summed setpoint cascade PI that is
selected for its cost-effectiveness and computational efficiency. It
combines a summed setpoints to simultaneously manages multiple
inputs, as well as cascades of faster inner disturbance rejection
to allow for the minimization of the overall process’ output
deviations. Simulation results for constant as well as changing
setpoints are then presented to demonstrate the effectiveness of
the proposed modeling and cascade control schemes.

Index Terms—Spinbath Circulation, Fluid Dynamics, Cascade
PID Control

I. INTRODUCTION

The spinbath circulation is a process that is often used in
the production of viscose staple fiber (VSF). The VSF itself
is a synthetic fiber derived from regenerated cellulose and is
typically made from wood pulp [4]. In the VSF production
process, the viscose solution is sprayed through a spinneret
into the spinbath solution inside a spinning machine [5], [6].
As a result, the cellulose in the viscose solution coagulates
to form filaments and other chemicals such as water, H2S,
and CS2 [7]. Over time, the returned spinbath solution often
gets diluted and contaminated, thereby requires some filtration
and evaporation processes [8]. The recovery of the spinbath
solution and its recirculation back to the spinning machine
occurs in the spinbath circulation system. Hence, the design of
control systems which appropriately regulate such a circulation
process is necessary to ensure high-quality VSF production.

This paper reports the development of a cascade PID con-
trol scheme for a multi-input multi-output (MIMO) spinbath
circulation process regulation. In the proposed scheme, the
dynamic model of the complete spinbath circulation process is
first developed using concepts from fluid dynamics. Reduction
of the obtained model through lumping of identical processes
and linearization techniques is then conducted to obtain a
simplified MIMO linear system with a cascading control struc-

ture [9]. A cascade PID controller is constructed to achieve
simultaneous control objectives in the interacting process vari-
ables of the developed simplified model. More specifically, the
proposed cascade controller is of the type of summed setpoint
cascade PID, selected for its cost-effectiveness and computa-
tional efficiency [10], [11]. It combines summed setpoints to
manage multiple inputs and cascades faster inner disturbance
rejection to reduce overall process output deviations [12],
[13]. Simulation results are presented to illustrate the good
performance of the proposed controller for setpoint regulation
and disturbance rejection purposes.

The remainder of this paper is structured as follows. System
configuration and problem formulation are discussed in sec-
tion III. Section III briefly describes the spinbath circulation
process and then derives its complete and simplified dynamic
models. Cascade control schemes are proposed in section IV,
and their performances are evaluated through simulations in
section V. Section VI concludes the paper with final remarks.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

A. Spinbath Circulation Scheme

This paper considers a simplified configuration of the spin-
bath circulation process as illustrated in Fig. 1. To develop the
model, the steady-state equations are first derived using fluid

Fig. 1. Schematic of the spinbath circulation process.
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dynamics’ concept, and then linearized using an assumption
that the system dynamics are of first order type. This modeling
approach relies on estimated system parameters and dynamics.

Eight inspection points are used in modeling process, each
with the following fluid characteristics: pressure (p), density
(ρ), gravitational acceleration (g), velocity (V ), and elevation
gain (z). The system has three actuators: two control valves
with evaporator 1 valve opening (L5) and evaporator three
valve openings (L6), and one pump with angular speed (ω).
There are three system outputs, namely: the head tank level
(Y ), evaporator 1 flow rate (Q5), and evaporator 3 flow rate
(Q6) which is defined as the product between the velocity (V )
and the cross-sectional area (A) of the channel.

B. Problem Formulation

In the considered system configuration, the pump’s angular
speed directly affects both the evaporator flow and the head
tank level, while the control valve directly affects the evap-
orator flow and indirectly affects the head tank level. There
are three control loops that are not interconnected to each
other: one single-loop to regulate the head tank level, and two
single-loop to regulate the evaporator flow. Thus, changes in
the evaporator flow setpoint are viewed as a disturbance to
the head tank inlet flow. This causes deviations in the head
tank level, which then translate to deviations in the spinning
machine flow rate, ultimately resulting in poor product quality.

III. SYSTEM MODELLING

Based on the schematic in Fig. 1, the model derivation is
divided into several sections according to the main components
of the system, namely: pump, filter, head tank flow, head tank
level, evaporator 1, and evaporator 3.

A. Pump

The pump head (hp) in the system is assumed to be
approximated using the following equation [14]

hp =Aω2 +BωQ− CQ2 (1)

where A, B, and C are pump head constants. From inspection
points 1 and 2, the bottom tank pressure is known to be
zero (P1 = 0) as it is exposed to the atmospheric pressure.
Additionally, the velocity at the bottom of the tank is assumed
to be negligible (V1 ≈ 0) because the large tank area renders
changes in velocity to be insignificant. Using steady flow
energy assumption [15], the head of the pump satisfies (2).
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Combining (1) and (2), the equilibrium point f1(p2, ω,Q)
below can be obtained.
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Assuming (1,1,1) to be the equilibrium point f1, the linearized
dynamics which ignores higher order terms thus satisfy (3).

L1(p2, ω,Q) = c1δp2 − c2δω + c3δQ (3)

where c1 = 1/ρg, c2 = 2A+1, and c3 = B+2C+2/(2A2
2g).

Assuming further that the transient response of the model is
of first-order type, the constant c2/c1 can be represented as a
transfer function G1, while c3/c1 can be represented as another
transfer function G2. Specifically, G1 is assumed to be of the
form α1/(τ1s + β1) and G2 is of the form α2/(τ2s + β2).
Therefore, the model of the pump can be written as follows.

δp2 = G1δω −G2δQ (4)

Here, we use α1 = β1 = β2 = τ1 = τ2 = 1, and α2 = 0.2.

B. Filter

From inspection points 2 and 3, the inlet velocity (V2) and
the outlet velocity (V3) of the filter are assumed to be the same,
thereby cancel each other out in the energy balance equation.
Using steady flow energy equation [15], the head of the filter
system equilibrium f2(p2, p3, Q) satisfies the equation below.
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Again, assuming (1,1,1) as an equilibrium point for f2, the
corresponding linearized dynamics can be expressed as [16]

L2(p2, p3, Q) = −c4δp2 + c5δp3 + c6δQ (6)

By further assuming that the transient response of the model
is of first-order type, the constant c10/c9 can be represented as
a transfer function G7. Specifically, G3 is given by α3/(τ3s+
β3) and G4 by α4/(τ4s + β4). Thus, the filter model can be
written as (7) in which c4 = 1/ρg, c5 = 1/ρg, and c6 = 2k3.

δp3 = G3δp2 −G4δQ (7)

Here, we use α3 = β3 = β4 = τ3 = τ4 = 1, and α4 = 0.2.

C. Head Tank Flow

Using the law of mass conservation, the total mass flow rate
into the system Σṁi equals the total mass flow rate out of the
system Σṁo. Assuming that the fluids are of incompressible
type, the relationships in (8) may then be formulated.

ṁ3 = ṁ4 + ṁ5 + ṁ6

ρQ3 = ρ4Q4 + ρ5Q5 + ρ6Q6

Q = Q4 +Q5 +Q6 (8)

From inspection points 3 and 4, the pressure in the head
tank is assumed to be zero (p4 = 0) as it is exposed to
atmospheric pressure. Furthermore, the inlet velocity of the
head tank (V4) is assumed to be equal to the outlet velocity
of the filter (V3). This means that they cancel each other out
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in the energy equation. Based on steady flow energy equation
[15], the equilibrium f3(p3, Q4) of the head tank flow satisfies

p3
ρg

+
�
�
��7
0

V3
2

2g
+ z3 =

�
�
��
0

p4
ρg

+
�
�
��7
0

V4
2

2g
+ z4 + hf4

f3(p3, Q4) = − p3
ρg

+ z43 + k4Q4
2 (9)

Assuming (1,1) to be the equilibrium f3, the linearized dy-
namics around this equilibrium can be expressed as follows.

L3(p3, Q4) = c7δp3 + c8δQ4 (10)

where c7 = 1/ρg and c8 = 2k4. Assuming that the transient
response of the model is of first-order type, the constant c8/c7
can be represented as a transfer function G5 = α5/(τ5s+β1).
Therefore, the head tank flow model can be written as

δQ4 = G5δp3 (11)

where α5 = τ5 = β5 = 1 are assumed.

D. Head Tank Level
Assuming mass conservation [15], the change of mass in

the head tank (ṁh) is influenced by the difference between
the mass entering the head tank (ṁ4) and the mass leaving
the head tank (ṁ7). If the mass leaving the head tank (ṁ7) is
constant, the head tank level can be modeled as follows.

dm

dt
= ṁ4 − ṁ7

ρA
dy

dt
= ρ(Q4 −Q7)

Y (s) = (Q4(s)−Q7(s))G6 (12)

with G6 = α10/τ10s with α10 = 1 and τ10 = 10 are assumed.
The pressures in the head tank and the spinning machine are
zero (p4 = p7 = 0) because they are open to and have direct
contact with the atmospheric pressure. The velocity at the head
tank is further assumed to be negligible (Vh) because the large
tank area renders the changes in level to be insignificant.

Using steady flow energy assumption [15], the equilibrium
of the head tank level system can be defined as in (13).
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Assuming (1,1) to be the equilibrium point f4, the linearized
dynamics around this equilibrium satisfies the following.

L4(Y,Q7) = −c9δY + c10δQ7 (14)

where c9 = 1/ρg and c10 = 2/(2A7
2g) + 2k7. Further

assuming that the model’s transient response is of first-order
type, the constant c10/c9 is represented as a transfer function
of the form G7 = α7/(τ7s + β7) in which the values
α7 = τ7 = β7 = 1 are assumed. Therefore, the head tank
level model can be written as follows.

δQ7 = G7δY (15)

E. Evaporator

For the evaporator system, the inlet velocity (V3) and the
outlet velocity (V5) are assumed to be the same and thus
cancels each other out in the energy balance equation. It is also
assumed that the control valve response is a linear function of
the form (F(L5) = 1/L5), the pressure within evaporator 1 (p5)
remains constant, and the pipe resistance is negligible. Based
on steady flow energy equation [15], the head’s equilibrium
of the evaporator system satisfies the following equation.
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Assuming (1,1,1) to be the equilibrium point f5, the linearized
dynamics around this equilibrium satisfies the following.

L5(p3, L5, Q5) = −c11δp3 + c12δL5 + c13δQ5 (17)

where c11 = 1/ρg, c12 = 1, and c13 = 2. If the model’s
transient response is of first-order type, the constant c11/c13
can be represented as a transfer function G8 and c12/c13 is
represented as the transfer function G9. Specifically, G8 is
given by α8/(τ8s+β8) and G9 by α9/(τ9s+β9), respectively,
where α8 = α9 = β8 = β9 = 1 and τ8 = τ9 = 3 are assumed.
Thus, the evaporator 1 can be modeled as follows.

δQ5 = G8δp3 +G9δL5 (18)

If evaporators 3 and 1 are assumed to have the same parame-
ters, then (19) can be obtained with G10 = G8 and G11 = G9.

δQ6 = G10δp3 +G11δL6 (19)

F. System Block Diagram

Based on the aforementioned modeling, the block diagram
of the system model as shown in Fig. 2 can be constructed.
Note in this figure that the system model has three inputs,
namely the pump’s angular speed (ω), evaporator 1’s valve

Fig. 2. Block diagram of the system model.
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opening (L5), and evaporator 3’s valve opening (L6). Since
the evaporator flow rates are not critical for the control
objectives, the output in the simplified model is set to be head
tank’s level (Y ). Notice that the evaporators’ valve opening
indirectly affect the head tank’s level negatively through the
corresponding decrease in pump and filter pressures.

IV. CONTROL SYSTEM DESIGN

Based on Fig. 2, three control configurations for head tank
level regulation were developed: (i) single-loop, (ii) cascade,
and (iii) summed setpoint cascade controllers.

A. Single-loop Control System

This controller is shown in Fig. 3 which includes one single-
loop controller (C1) to regulate the head tank level with R as
its setpoint, and two additional single-loop controllers C6 and
C7 to regulate the flows of evaporator 1 and evaporator 3 with
setpoint values of D1 and D2, respectively. All controllers are
of PID types. The head tank level controller adjusts the pump
angular speed, which directly affects both the head tank level
and the evaporator flow rate positively. Since the evaporator
flow rates are not critical for the control objectives, minor
variations are assumed to be acceptable in the present study.

B. Conventional Cascade Control System

To address the single-loop control limitation, a cascade
control system as shown in Fig. 4 is proposed to regulate the
head tank level. The outer loop controller (C2) regulates the
head tank level (Y ) with R as a setpoint, while the inner loop
controller (C3) regulates the head tank flow rate (Q4)through
the pump’s angular speed adjustment. As in the single-loop
case, all controllers in this configuration are also of PID types.

Fig. 3. Block diagram of the single-loop control system.

Fig. 4. Block diagram of the conventional cascade control system.

Fig. 5. Block diagram of the summed setpoint cascade control system.

C. Summed Setpoint Cascade Control System

A summed setpoint cascade control system is finally pro-
posed to to address the prior two controllers. The outer loop
controller (C4) regulates the head tank level (Y ) with R as its
setpoint, while the inner loop controller (C5) regulates the total
flow rate (Q). The inner loop controller also adjusts the pump
angular speed. All controllers in this configuration utilize are
of PID types, and the resulting block diagram of the cascade
control system is depicted in Fig. 5.

V. SIMULATION RESULTS

Simulations were performed in MATLAB [17] to evaluate
the performance of the three control configurations. In each
scheme, the PID control tuning is performed from the in-
nermost to the outermost control blocks [13]. The tuning is
performed using MATLAB’s PID Tuner toolkit with suitable
adjustment on closed loop response times to achieve the best
response results [18]. The chosen tuning results in a robustness
index of 0.7 and a response time ratio between the inner and
outer controllers of 1:2.5. The resulting PID parameters as
summarized in Table I suggest that a PI controller is sufficient
for each control structure. More detailed simulation results for
each control scheme are discussed as follows.

A. Step Response Simulation Result

Two simulations were conducted to analyze the step re-
sponses of the closed loop simplified spinbath circulation
models in Figs. 3, 4, and 5 for inputs R and D1. Zero initial
conditions and a sampling time of Ts = 70s are used. Fig.
6 plots the step response of the closed loop system for all
controllers for input signal R, while Fig. 7 plots the response to

TABLE I
PID PARAMETERS OF THE CLOSED LOOP SYSTEMS.

Controller System Parameter PID Parameter

Response Transient
Kp Ki KdTime Behavior

C1 20s 0.7 1.2277 0.1565 0

C2 8s 0.7 0.9687 0.0971 0
C3 20s 0.7 0.3224 0.3519 0

C4 8s 0.7 0.9687 0.0971 0
C5 20s 0.7 0.3224 0.3519 0

C6 & C7 3 0.7 1.2321 1.2440 0
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Fig. 6. Step responses of all controllers to input R.

Fig. 7. Responses of all controllers to disturbance input D.

TABLE II
STEP RESPONSES AND IAE OF DIFFERENT CONTROL STRUCTURES

Information single-loop Conv. Cascade S.S. Cascade

R D R D R D

Rise Time 13.90 - 11.80 - 13.35 -
Settling Time 35.16 20.38 20.06 44.28 26.32 36.74
Peak Max 1.033 0.001 1 0.036 1.045 0.015
Peak Min - -0.127 - -0.074 - -0.024

IAE 10.24 2.599 10.30 1.153 11.40 0.443

disturbance signal D. From these plots, the resulting response
characteristics as well as integral absolute error (IAE) values
are extracted and then summarized in Table II.

Fig. 6 shows that all three control schemes produce closely
similar step response characteristics to the input signal R. The
responses in this plot also reveal that the peak and integral
absolute error (IAE) values differ only slightly among the
three control schemes. All control schemes exhibit overshoots
within tolerable values of less than 10%, with the conven-
tional cascade control system demonstrating slightly superior
performance in terms of rise time and settling time criteria.

As for the responses to disturbance signal D in Fig. 7, the
conventional and summed setpoint cascade controllers show
better performances when compared to the single-loop control
system in terms of minimizing the response deviation. This
thus suggests that cascade controllers significantly outperform
the single-loop controller in terms of disturbance rejection
capability. Specifically, the peak value in the summed setpoint
cascade control system is reduced by approximately 81%,

(a)

(b)

Fig. 8. System response for changing setpoints: (a) response, (b) setpoint.

indicating a much smaller deviation from the desired output in
the presence of disturbances. Additionally, the resulting IAE
of the summed setpoint cascade control system is reduced by
83%, which highlights substantial improvement in terms of
maintaining adherence to the setpoint over time. While the
conventional cascade control system also shows improvements
by reducing both the peak value and IAE, the summed setpoint
cascade control system surpasses it in overall performance.

B. Multiple-Input Simulation Result

In real-world scenarios, simultaneous setpoint changes are
often occurred or required to be done. Thus, simulation
evaluation for multiple inputs’ case were also conducted
to comprehensively evaluate the system performance. The
simulation were conducted with zero initial condition and a
sampling time of Ts = 200s. The inputs were set to be step
functions that are delayed up to times T = 0 for input signal
R and T = 50 for input D1, respectively, as well as two
successive 0.5 increment step functions that are delayed up to
times T = 100 and T = 150, respectively, for input signal
D2.

Fig. 8(a) plots the closed loop system responses for all
control schemes with respect to a series of setpoint changes
that are shown in Fig. 8(b). This plot shows that the system
characteristics remain similar to those observed in the case
of single step input response. The IAE value is 15.34 for
the case of using single-loop controller, 12.55 for the case of
using conventional cascade controller, and 12.28 for the case of
using summed setpoint cascade controller. These thus indicate
the better performance of the summed setpoint controller.
In real-life applications, there is often a tolerable maximum
deviation value, and the evaporator flow setpoint changes more
frequently than the head tank level setpoint. As a result, the
summed setpoint can use larger time steps, while the single-
loop controller requires smaller, more frequent adjustments.
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VI. CONCLUSION

This paper has presented the modeling and cascade con-
troller design of a MIMO spinbath circulation process. The
model is constructed using concepts from fluid dynamics,
while the cascade control scheme is designed using the
summed setpoint cascade PI structure. Simulation results for
constant and changing setpoint values are also reported to
demonstrate the effectiveness of the proposed modeling and
control schemes. In the future, we aim to replace the assumed
model with a data-driven model that is estimated from real-
time operational data using system identification method. The
use of such a model is expected to further enhance the
accuracy and practicality of the proposed control strategy.
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