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Considering process with time delay and limitations of traditional closed-loop identification methods, a new 
closed-loop identification method based on Akaike’s information criterion (AIC) was proposed. Firstly, the time 
delay term is approximated by first-order Padé and the equivalent closed-loop transfer model structure of 
closed-loop system is calculated. Secondly, the actual closed-loop transfer function model was identified by 
open-loop identification methods (e.g. ARX). Here, a method to select model structure in determination of 
discrete identification based on AIC was put forward. The high-order discrete model structure which is 
determined by this method has high identification accuracy. Finally, the equivalent closed-loop transfer 
function which is similar with first-order Padé and is gained from after transformation and reduction of the high-
order discrete model owns an identification model with same structure. Hence, solving methods of process 
parameters could be deduced by coefficient of same power and two typical time delay process. It achieves 
satisfying identification effect in the closed-loop system identification of temperature and liquid level in 
distillation column reactor of ethanol -water system. 

1. Introduction 
System identification is an effective way to gain system model. It has been one of the most active research 
fields in automatic control. In industrial control, it is difficult to gain mathematical models of research process 
(e.g. distillation column in industry) by existing theories, because they generally have complicated internal 
mechanisms (Kaymak et al., 2017). Instead, mathematical models of research process can only be 
determined by observation data. In-situ feature test is a simple way to acquire the control model. The 
simulation experiment can be simplified and dynamic characteristics of research process can be studied firstly 
by the identification method (Larsson et al., 2016). 
Open-loop and closed-loop identification methods are widely used in actual industry. The least square method 
which is used mostly in engineering practice is characteristic of consistent estimation of process parameters 
(Shardt and Huang, 2015). Some industrial processes which are running actually can cut the feedback loop 
simply, or it will affect production significantly. Therefore, closed-loop identification method is one of main 
research directions of system. 
In traditional closed-loop identification method, input signal is generally selected from controller output. This 
often needs some additional conditions to be used in closed-loop identification. Isermann stated that if the 
feedback channel model is known, the model order of the feedback channel must be higher than that of the 
forward channel and the feedback channel must own adequate orders of persistently exciting signal to identify 
the forward channel, so that estimation of forward channel parameters is consistent (Isermann and Münchhof, 
2011). Yuchai Zhu studied the closed-loop identification effect when the input sampling time is different from 
output sampling time by using non-uniform sampling time in traditional closed-loop identification method (Fang 
et al., 2017). There are a number of research efforts concerning the use of a reactive distillation for 
identification (Komkrajang et al., 2014). 
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The proposed closed-loop identification method is different from traditional ones. Given a controller model, the 
closed-loop system can be approximated by the equivalent closed-loop transfer function model, so that the 
open-loop identification method can be used in the closed-loop identification. Firstly, the equivalent closed-
loop transfer function of the closed-loop system can be identified by open-loop identification method. 
Secondly, the parameter model of actual process is deduced. Since it is impossible to get the analytic 
expression of equivalent closed-loop transfer function when there’s pure time delay process, a reduced order 
closed-loop identification method based on AIC was proposed.  

2. Closed-loop identification method based on AIC 
Based on above mentioned limitations in actual engineering applications, a new closed-loop identification 
method was proposed in this study. A continuous closed-loop system which is equivalent to the open-loop 
system in Figure 1. 
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Figure 1: (a) Closed-loop system and (b) Equivalent closed-loop system Φ(s) 

In Figure 1, Gc(s) is the controller, Gp(s) is the process, R(s) is the input signal and Y(s) is the output signal. 
The equivalent closed-loop transfer function Φ(s) In Figure 1(b) can be identified firstly by the open-loop 
identification method. The model of the identified closed-loop transfer function is recorded as Φi(s), it covers 
the controller model Gc(s) which is often known. If the model structures (orders) of Φ(s) and Φi(s) are same, 
the parameter of the process Gp(s) can be deduced by the coefficients of same power of Φ(s) and Φi(s), 
However, Φ(s) doesn’t use the analytical expression because of influences of pure delay time τ in process. 
Here, the pure time delay term in process (e-τs) can be expanded by the k-order Padé approximation model, 
is shown in Eq(1). 
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Since the closed-loop transfer function structure is complicated, the e-τs can be approximated by first-order 
Padé in the equation (1), which is shown in Eq(2). Then the equivalent closed-loop transfer function is 
recorded as Φa(s). 
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Since the high-order Padé approximation in Eq(1) has good approximation to actual process, it is 
recommended to using high-order identification model in order to increase identification accuracy. As a result, 
higher-order model with higher identification accuracy shall be selected firstly and then reduced to Φi(s), Φi(s) 
and Φa(s) shall have the same model structures. Finally, the process model can be deduced from coefficients 
of same power in Φi(s) and Φa(s), because the continuous system identification is not very satisfying and even 
unstable, indirect method can be used to identify the high-order discrete model firstly and then convert it into 
the high-order model of a continuous system. 
Before identification of the discrete closed-loop system (GΦ(z-1)), some basic hypotheses shall be determined. 
Firstly, suppose n, m and d which represent the model structure (orders) of the closed-loop system are known. 
According to above analysis, process with time delay term e-τs shall be recognized by using high-order model. 
Therefore, it has to determine n, m and d of the high-order model before discrete identification. In this study, a 
new method to select identification model orders based on AIC is proposed. Specifically, the delay steps (d) 
can be identified under the influence of input signal. If the observed output signal is at step N, it can get non-
zero values or violent changes of steady state value of output signal ratio at step N are observed, d<N. Next, 
appropriate orders of the model shall be determined according Akaike’s information criterion (AIC) (Akaike, 
2014), Definition of AIC is shown in Eq(3). 
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Where L is the array of test data, θ is an identification parameter, and k is number of identification parameters. 
It can prove that when AIC=min, the corresponding model order is a relatively reasonable model structure. If 
the calculated AIC is small than (<-20), error might be corresponding to 10-10 of the loss function. Under this 
circumstance, n, m and d can be viewed as appropriate orders in discrete identification. 
The closed-loop identification method based on AIC for two typical process is shown in Figure 2  
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Figure 2:  Closed-loop identification method based on AIC 

3.  Distillation process identification in the distillation column reactor  
The distillation apparatus of ethyl alcohol is shown in Figure 3(a). This system distills the ethyl alcohol and 
water mixture (10% ethyl alcohol) to industrial ethyl alcohol with a purity of 95%. The hardware structure is 
composed of site equipment and DCS control station. Equipment includes distillation column, charging stock 
tank, product tank, reflux tank, raw material tubular heat exchanger and tubular condenser at top. The overall 
structure is shown in Figure 3(b). 
Since the overall structure of the distillation column is complicated, the distillation column reactor model is 
identified firstly in this experiment. It is a multi-variable system which has two inputs and two outputs. One 
controlled variable is the reactor temperature (y1). The executor is the reactor heater H101 which is a single-
phase silicon controlled rectifier (SCR) voltage regulator. To maintain stability of the distillation process, the 
working point of reactor temperature (97OC) must be kept stable. Feed flow and reflux at top tank are main 
influencing factors of the reactor temperature. Another controlled variable is liquid level in the reactor (y2). The 
executor is the feed metering pump P105. The residual metering pump P104 return residual liquid to the 
heater and pre-heat the feeding liquid, thus saving energies. To maintain continuous feeding, the working 
point of liquid level is 40cm, which can distill products to the maximum extent, but avoid reactor drying and dry 
burning of the heating wire.  
Heating furnace in the reactor is a typical temperature process. This process is a typical control process with 
pure time delay. The transfer function of this process can be described approximately as GP1(s)=Ke-τs/(Ts+1). 
In the liquid level control loop, residual return from the reactor to the heater is controlled by a metering pump. 
Since the raw material tubular heat exchange has pure time delay τ, the model can be described by a typical 
single volume process without inherent regulation e-τs/Ts. Here, influences of volatilization of light components 
in ethyl alcohol and water vapor as well as the reflux from top tank on the liquid level under the working 
temperature point (97OC) shall be taken into account. Here, one first-order sub-derivation pole approximation 
is added in this model. Therefore, the process transfer function of liquid level can be described approximately 
as GP2(s)= Ke-τs/s(Ts+1).  
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Figure 3: (a) Experimental apparatus of distillation column and (b) Overall structure of site equipment 

The feedback loop couldn’t be cut simply during the identification process of distillation column reactor, or it 
will lose control over the process. Hence, the identification must be carried out under closed-loop state. In this 
experiment, the closed-loop system identification steps under the pseudo random M sequence of the known 
input signal are: 
(1) Selection of sampling time: sampling time was chosen T95/(5~15), where T95 is the transition time when 
the system step response reaches 95% steady value. Based on real model curves in Figure 5, sampling time 
for temperature and liquid level can be determined 10sec and 5sec, respectively. 
(2) Selection of the input M sequence: the parameter Np (M sequence period) and sampling time T must meet 
the Eq (4), where fmax is the highest working frequency of the system and Ts is the transition time of the 
system. Amplitude of M sequence shouldn’t be too large or too small in order to ensure signal-to-noise ratio 
(SNR), in Figure 4. 

 

 

Figure 4: (a) Input and output data of temperature in distillation column reactor and (b) Input and output data 
of liquid level in distillation column reactor 
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(3) This identification method uses ARX model. The model structure is shown in Eq (5), where GΦ(z-1) is the 
discrete closed-loop system for identification.  
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The closed-loop identification of distillation column reactor of ethanol-water system uses the method in 
Section 2. The approximation models of temperature and liquid level can be calculated from coefficients of 
terminal closed-loop identification model (reduced model) and PID parameters, in Table 1.  

Table 1: Identification parameters of temperature and liquid level in distillation column reactor 

Loop   PID 
parameters 

Model      
structure  

Reduced model   Φi(s)                 Process with 
parameters: K, T, τ  
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Liquid level  Kp=0.1 
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Curves of the identification model and temperature and liquid level control curves which are collected by 
actual distillation column reactor under the same group of PID parameters are shown in Figure 5. The 
identification model has certain error with actual model, but it can reflect dynamic performance of the system 
well. It can provide approximate model for subsequent control studies (e.g. decoupling control and adaptive 
control) of distillation column. 

 

 

Figure 5: (a) Step response of temperature in the distillation column reactor and (b) Step response of liquid 
level in the distillation column reactor 
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4. Measurement units, numbers Conclusions 
The closed-loop identification method based on AIC for process with pure time delay has certain universality. 
It is applicable to closed-loop identification of process with pure time delay and great inertia. In this study, 
identification methods and steps for two typical process structures are summarized. They are characteristic of 
strong identification, convenient input design, simple solving method of process parameters and high 
identification accuracy compared to traditional ones. It possesses strong engineering practices.it is used to 
experimental study of a distillation column reactor, identifying approximate models of temperature and liquid 
levels successfully. These two models can reflect dynamic characteristics of actual process well. The 
proposed method can provide appropriate control model for subsequent study of other control programs of the 
distillation column. 
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