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Abstract: With the rapid development of industrial technology, the multi-point (multi-input
multi-output) heating processing systems with integrated temperature control have been increasingly
needed to achieve high-quality and high-performance processing. In this paper, in response to the
demand for proper transient response and to provide more accurate temperature controls, a novel
pole-zero cancelation method is proposed for multi-input multi-output (MIMO) temperature control
in heating process systems. In the proposed method, the temperature differences and transient
characteristics of all points can be improved by compensating dead time difference and coupling
effect together by matrix compensation and pole-zero cancelation with the feedforward reference
model. Both simulations and experiments were carried out. The results were compared to the
well-tuned conventional PI control system and PI plus decoupling compensation system to evaluate
the control efficiency of the proposed method.

Keywords: MIMO temperature control in heating process system; pole-zero cancelation; temperature
difference; transient response; dead time

1. Introduction

Recently, industrial processes, such as thermal processes, manufacturing processes, producing
processes and so on, are becoming more and more important, and have higher requirement for the
operation performance. A thermal process system, as one of the most complex processes, has a
wide range of applications in the industrial field, especially in the food processes. In the thermal
processes, especially the multi-point (multi-input multi-output) thermal processing systems, are
playing a more and more important role in the industrial application fields. Thus, the demands for
the multi-point system to achieve high-quality and high-performance processing has been severely
raised. As a result, a lot of control methods have been proposed and introduced into the multi-point
temperature control systems. Among the various thermal processing techniques, the conventional
proportional–integral–derivative (PID) control method has become the most commonly used control
method because of its simplicity, efficiency, and wide applicability. However, due to the nonlinearity
and large time delay of the control objects, the performance of the only PID control system may not
satisfy the expected requirements [1–5]. So the series connected fuzzy-proportional integral (SF-PI)
control method has been proposed to improve the control performance [6]. In addition, to achieve
more precise control, the mathematical model of the control objects needs to be obtained. Presently,
a lot of system identification methods have been introduced to build the mathematical model of the
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multi-point objects. One of the most popular methods is the step response method [7–10]. With the
mathematical model of the system, the Model Predictive Control (MPC) method has been proposed to
the heating system to provide precise control [11].

Although with the mathematical model, the controller can be well designed and the system can
be precisely controlled, the coupling influence inside the multi-point system still has a significant
impact on the transient response of each point. As a result, a novel decoupling compensation or
quasi-decoupling method has been investigated into the multi-point system through building an
equivalent model of each point [12–16].

Moreover, even after successfully getting the precise system model and introducing the
well-designed controllers with delay time compensation and decoupling compensation, there still
are some difficulties that will be caused by the worsening conditions such as dead time difference,
disturbance, model perturbation and so on. These difficulties will have a great impact on the transient
response and the steady-state stability of the controlled system. Thus more and more advanced
compensation methods have been proposed to compensate the influence of each point and uniform
the output of multi-point systems such as feedforward compensation, the data-driving method and
the gradient control method [17–22].

Furthermore, for the excessively complex thermal process system, the mathematic model cannot
be obtained precisely, thus, the data-driven approaches have been proposed as a potential method
for controlling that system [23], and some optimization methods have also been proposed for these
excessively complex processes [24].

Although after all the above methods been introduced into the temperature control system in the
thermal process, there still are some problems with the transient response and the closely controlled
temperature of the multi-point temperature control system with dead-time difference and strong
coupling effects. For example, in MIMO heating systems, the temperature difference between each
point should be under 5% of the reference temperature no matter whether transient response is fast or
slow. Until now the above method mentioned still cannot achieve the effect we expected in multi-point
temperature control systems that have a large time constant and big dead-time difference.

This proposal, focusing on the multi-point temperature control system which has the large time
constant and big dead-time difference, to improve the transient response of each channel and to
reduce the temperature difference between each point, also to provide an auto design method for the
controller, a novel pole-zero cancelation method has been proposed for MIMO temperature control
system. In the proposed method, the temperature differences and the transient response of each point
can be controlled by considering the dead time and the coupling effect of the MIMO system. The rest
of the paper is organized as follows: Section 2 describes the difficulties of in the MIMO temperature
control. In Section 3, the step by step design of the system configuration will be introduced. Section 4
shows the simulation results of the proposed control method and the experimental results will be
present in Section 5, both in simulation and experiments, the results are compared to the well-tuned
conventional PI control system and PI plus decoupling control system. Finally, a simple conclusion is
made in Section 7.

2. Difficulties in MIMO Temperature Control

From the viewpoint of the practical application of multi-point temperatures control, fine-tuned
PID controllers with decoupling and dead time compensations are used. The Ziegler-Nichols ultimate
gain method and the constant heating rate method are representative heuristic methods based on
experimental data (1), (2). These methods attempt to make the actual temperatures follow the reference
values while minimizing the temperature differences between multiple points. However, in many
cases, the following difficulties still exist: (1) The PID controller must be designed considering the
effect of the dead-time of the controlled objects. (2) Although the temperature difference is somewhat
decreased due to this consideration, a significant improvement in the transient response cannot be
expected. (3) Improving the transient response causes the disturbance response for deteriorating.
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(4) Finally, when the reference values of multiple points are different, it is difficult to control the
individual settling times with the same temperature ratio.

3. Configuration of MIMO Control System

This section describes the configuration of the proposed multi-input multi-output (MIMO) control
system, with a pole-zero cancelation method. Figure 1 shows the block diagram of the proposed
MIMO control system. For simplicity, the controlled object is defined as two-inputs two-outputs
temperature system. In the figure, r1 and r2 indicate the reference of the MIMO system while y1 and y2

are the output temperature, respectively. The control system configuration can be divided into five
parts: Part 1 describes the simplified controlled objects; Part 2 will somewhat compensate the coupling
effect and dead time difference of the two channels; Part 3 will introduce the pole-zero cancellation
with reference model to convert the complex system to almost equal to the reference model; Part 4 is
the main controller of the system; Part 5 indicates the anti-wind-up compensation that will not only
compensate for the saturation of the control input but also ensure the uniformity of the temperature by
setting difference maximum saturation.

Figure 1. Block diagram of pole-zero cancellation for two-input two-output system.

3.1. Part 1: MIMO System Controlled Object With Strong Coupling Effectiveness

The control system is designed based on multi-input multi-output(MIMO) temperature system
with strong coupling influence, the schematic block diagram of the coupled system is shown in Figure 2,
where u1 and u2 are defined as the inputs of Ch1 and Ch2, respectively. In addition, y1 and y2 indicate
the output of Ch1 and Ch2, respectively. The coupling terms between the two channels are obtained as
P21 and P12, respectively.

Figure 2. Block diagram of coupled system.

3.2. Part 2: Compensation for Dead Time Difference and Decoupling

In this paper, the controlled objects can be defined as a first-order plus time delay(FOPTD) system,
shown as (1), and can be approximated to (2) based on Pade approximation method, which leads
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easiness for dead-time compensation. Considering the characteristic of the transient response of the
temperature system, there is a difference in the delay time d between the multipoint temperature
outputs. As a result, a temperature difference remains in the outputs of different channels.

P(s) =
K

Ts + 1
e−ds (1)

P(s) ≈ K
Ts + 1

• 1
ds + 1

(2)

Same as the delay time difference, the coupling influence also affects the temperature of both
channels, compensation of the coupling term needs to be introduced, the block diagram of decoupling
control and the compensated system are shown in Figure 3.

Figure 3. Block diagram of decoupling compensation and compensated system.

In this proposal, a matrix gain compensation method has been introduced to compensate
delay time difference and coupling effects together. Taking Gp as the system characteristic matrix,
including the coupling and delay time gain of the system. The compensation of the Gp based on
the inverse of the matrix Gp

−1, the matrix can be obtained by giving the step signal to the two
channels one by one after natural cooling. The measurement method of the characteristic Gp for the
MIMO-controlled object is shown in Figure 4.

Figure 4. System matrix gain Gp identification.

The matrix gain Gp can be calculated as (3).

Gp =

[
G11 G12

G21 G22

]
(3)
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The delay time difference and coupling compensator Gc can be obtained as (3) by the inverse of
the Gp.

Gc = G−1
p (4)

For this compensation gain Gc, it can somewhat compensate delay time difference and coupling
influence together, therefore, the temperature difference can be reduced.

3.3. Part 3: Plor-Zero Cancelation With Feedforward Reference Model

As introduced above, after the matrix compensation, the MIMO-controlled object can be treated
as non-interference system, therefore the feedforward reference model with pole-zero cancellation
is designed for this system. The block diagram and the simplified system are shown in Figure 5,
where the F1 and F2 are reference models which can provide an expected response reference for the
controlled systems, by using this, after the pole-zero cancellation, the system can be equaled as the
reference model. In addition, uF1 and uF2 are the inputs of two channels, respectively, while y1 and
y2 indicate the outputs of Ch1 and Ch2 respectively. The F1 and F2 can be designed as (5) and (6),
respectively, and the order of the controllers is decided by the inverse of the plant transfer function (in
this paper 1st order). In this proposal, to make it easy for the design of the controllers, F1 and F2 are
designed as F1 = F2, thus, w1 = w2.

Figure 5. Block diagram of feedforward reference model with pole-zero cancellation and simplified system.

F1 =
ω1

s + ω1
(5)

F2 =
ω2

s + ω2
(6)

3.4. Part 4: PID Controller Design

In part 3, defining the equivalent plant as F1 = F2, the same PID controllers can be designed
(CPID1 = CPID2). Hence, one of the most important factors is the stability of the controller, and there have
already existed several methods for controller stability analysis [25,26], however, the PID controller in
this proposed system is designed based on the Ziegler-Nichols method (step response tuning method),
the stability has been ensured [27]. The PID control system diagram is shown in Figure 6.

Figure 6. Block diagram of PID control system.
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3.5. Part 5: Anti-Wind-Up Compensation for Control Input Saturation

In system design, the control inputs u1 and u2 are under a saturation from 0 to umax, thus, to
improve the effectiveness of the controller, the anti-wind-up compensation has been added to the
control loop. The structure of the anti-wind-up compensation is shown in Figure 7. In addition,
due to the difference transient response characteristics of the two channels, the relationship between
these two channels is as (7), where umax1 and umax2 indicate the maximum saturation of Ch1 and
Ch2, respectively, K11 and K22 indicates the steady-state gain of Ch1 and Ch2, respectively. By setting
this, it can somewhat make the two channels’ response be precisely the same even the controllers are
working under the saturation.

Figure 7. Structure of anti-wind-up compensation.

umax1 =
K11

K22
∗ umax2 (7)

4. System Simulation

In the simulation, the control object P(s) of the MIMO temperature system is defined as a two-input
and two-output vectors as (8), which is identified by the step response method.

P(s) =


4.0992

2627s + 1
e−200s 3.7036

2536s + 1
e−326s

2.2805
2580s + 1

e−324s 4.1268
2461s + 1

e−150s

 (8)

Each factor is represented by FOPTD, in which the parameters are calculated by the step response
system identification method, the factor(1,1) can be defined as Ch1 while the factor(2,2) can be defined
as Ch2. Figure 8 shows the setpoint tracking results for the control inputs and temperature outputs for
the system obtained using the conventional PI control method.

Figure 9 shows the temperature difference, (y1 − y2), and the mean temperature, (y1 + y2)/2. As is
shown in Figure 9, the overshoot of the mean temperature reaches 45%, and the maximum temperature
difference becomes 23 ◦C.

On the other hand, the set point tracking results of the proposed pole-zero cancellation method are
shown in Figure 10, and Figure 11 shows the mean temperature and temperature difference, where there is
no overshoot of the mean temperature, the maximum temperature difference is also controlled to 8 ◦C.
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Figure 8. Tracking results for conventional PI control.

Figure 9. Mean temperature and temperature difference results for conventional PI control.

Figure 10. Tracking results for proposed pole-zero cancellation method.

Figure 11. Mean temperature and temperature difference results for proposed pole-zero
cancellation method.
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5. Experimental Results

Experiments with the proposed pole-zero cancelation control method were carried out using
parameter values identical to those used in the simulation. Figure 12 shows the experimental setup for
the MIMO temperature control system with strong coupling effect.

The experimental setup equips DSP as the temperature controller. The system has four coupling
channels, each channel has two independent heaters and one temperature sensor. The temperature
sensor can transfer temperature 0–400 ◦C to 0–10 VDC output voltages. In addition, the heaters are
driven by PWM signals. The temperature can be controlled by controlling the duty ratio of the PWM
signals.

Figure 12. Experimental setup.

In this proposal, the two channels Ch1 and Ch2 are used as the control objects to apply the
proposed pole-zero cancelation control method. Just as in the simulation, the control objects can be
identified as (9).

P(s) =


4.0992

2627s + 1
e−200s 3.7036

2536s + 1
e−326s

2.2805
2580s + 1

e−324s 4.1268
2461s + 1

e−150s

 (9)

According to the identified plant model, the two channels are under strong coupling effects, and
with 100 s delay time difference between them.

The matrix compensator Gc is designed by only considering the steady state gain of each part
as (10).

Gc =

[
0.0979 −0.0901
−0.0901 0.0970

]
(10)

After the matrix compensation, the feedforward reference models F1 and F2 can be designed
as (11). As introduced previously, the feedforward reference models F1 and F2 are designed to provide
an expected reference response. In this proposal, to simplify the controlled system, the reference
models are designed as F1 = F2.

F1 = F2 =
0.2

s + 0.2
(11)

Thus, the controllers of these two channels are designed by Ziegler-Nichols method (step response
method), CPID1 = CPID2 as (12)

CPID1 = CPID2 =
0.04s + 1

25s
(12)

In the experiments, to verify the control efficiency of the proposed method, the results were
compared to well-tuned conventional PI control system and conventional PI plus decoupling
compensation system. The experiments were carried out by controlling the temperature of the two
channels from room temperature (24 ◦C) to 100 ◦C. The results of the conventional PI control are shown
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in Figure 13, while the results of the conventional PI plus decoupling compensation are shown in
Figure 14, the experiment results of the proposed pole-zero cancelation method are shown in Figure 15.
In addition, the results of the compared mean temperature and the temperature difference between
the two channels are shown in Figure 16.

Figure 13. Experimental results of conventional PI control.

Figure 14. Experimental results of conventional PI plus decoupling compensation.

Figure 15. Experimental results of proposed pole-zero cancelation control.
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Figure 16. Compared results of mean temperature and temperature difference.

From the experimental results, the well-tuned conventional PI control system has the fastest
transient response, while the conventional PI plus decoupling compensation system has the slowest
response. However, the conventional PI control has an overshoot of 8 ◦C (8% of the reference
value), and the conventional PI plus decoupling compensation has the biggest maximum temperature
difference as 9 ◦C (9% of the reference temperature). By introducing the proposed pole-zero cancelation
method, the overshoot and the maximum temperature difference can be improved. As shown in the
figures above, the transient response of the proposed pole-zero cancelation control system is as fast as
the well-tuned conventional PI control system about 250 s rising time while the PI plus decoupling
compensation has almost 1000 s rising time. In addition, the proposed method has no overshoot, the
maximum temperature difference has been reduced to 4 ◦C (4% of the reference value), and quickly
drops to 0 ◦C, the temperature uniformity has been realized.

6. Discussion

In this proposal, compared to the conventional PI and PI plus decoupling compensation,
the advantages of the proposed pole-zero cancellation method with reference model can be divided
into two phases. Phase 1: The transient response has been improved to about 250 s rising time as fast
as the well-tuned PI control, almost 750 s shortened compared to the PI plus decoupling compensation,
and no overshoot compared to the conventional PI control (8% overshoot); Phase 2: The maximum
temperature difference between these two channels has been minified almost half that of PI plus
decoupling compensation, and the temperature difference quickly goes down to zero compared to the
conventional PI control, temperature uniformity has been realized. However, if the system has plant
perturbation, the proposed method may not work as efficiently as expected.

7. Conclusions

In this paper, a novel pole-zero cancelation method was proposed for the MIMO temperature
control in heating process system. The main purposes of the proposed method are to ensure proper
transient responses and to provide more closely controlled temperatures. In the proposed method, the
temperature differences and transient characteristics of all points were controlled by considering the
delay time difference and the coupling term together with matrix gain compensation Gc and investigating
the pole-zero cancellation with feedforward LPFs to the control loop. After pole-zero cancelation
compensation, the controllers were designed by the Ziegler-Nichols method. The simulations of the
proposed control system were carried out in the MATLAB/SIMULINK environment and the experiments
were done based on the DSP controlled system platform. The effectiveness of the proposed control
method was evaluated by comparing the results to those for a well-tuned conventional PI control system
and PI plus decoupling compensation system.
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8. Patents

This section is not mandatory, but may be added if there are patents resulting from the work
reported in this manuscript.
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