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Abstract 

High Temperature Short Time (HTST) pasteurization is the conventional method used in 

the food industry in producing edible milk. This process requires that a control system be 

put in place to regulate the heating temperature of the milk during production. Most local 

milk processing factories have not been deploying appropriate controllers for this process. 

This work aimed at designing suitable controller for an optimum HTST milk pasteurization 

process using a local milk processing factory as a case study. In this paper, the dynamic 

behavior of a plate heat exchanger (PHE) is modelled using equivalent electric circuit 

parameter modeling of thermal systems. The resulting transfer function demonstrates how 

changes in steam flow rate and milk inflow temperature (disturbance) affect the milk output 

temperature. Through simulation in MATLAB environment, the process time responses to 

both set point and disturbance inputs are obtained in open loop mode and by using three 

forms of Proportional, Integral and Derivative (PID) controllers in a unit feedback mode. 

A feedforward controller is also added for pre-emptive control. The results obtained show 

that the combination of the Feedforward and Proportional plus Derivative (PD) controllers 

is the most suitable for this process as it maintains a balance between speed of response, 

stability margin and disturbance rejection. 

 

Keywords: Milk pasteurization; Plate heat exchanger; PID controller; Feedforward 

controller 

 

1. Introduction 

Naturally milk, as secreted by the udder cells of a healthy cow, is hygienic. That is, it 

contains no micro-organisms that are capable of decomposing the milk constituents or 

causing disease to the consumers of the milk. However, as it comes in contact with cow 

dung, infected skin and udders of cows or dirty equipment, the milk is rendered unhygienic 

because of the presence of disease-causing bacteria [1]. Pasteurization is thus the process 

of using heat treatment to kill most (over 99%) of the harmful bacteria and other 

microorganisms present in the milk [2, 3]. The process is named after the French scientist 

Louis Pasteur. It was developed after his work on souring of wine and beer had shown that 

heating them to a temperature of about 54.4⁰C (131⁰F) for a short time delayed souring. 

Among many pasteurization methods, the High Temperature Short Time (HTST) 

method is usually accepted as the industry standard [4]. Pasteurization heat treatment is 

markedly used to disinfect milk without much damage to its chemical structure. This is 

because the heat is applied at considerably high temperature over short time, so called High 

Temperature Short Time Pasteurization (HTST). 

A control system is required in heating milk to an appropriate temperature without the 

risk of damaging the milk’s physical and chemical properties due to overheating. Yet, the 

control of production process in the food industry has always focused on examination of 

end products, since feedback of test results to the production process is generally not 
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possible as it takes too long before the results of the analyses are known [5]. Therefore, 

analysis at the end of the process has shifted to control of the process by introduction of 

good manufacturing practice (GMP) and hazard appraisal (analysis) critical control points 

(HACCP) systems. The use of a continuous, preferably in-line, monitoring system is 

necessary to make sure that the critical points in the process are controlled. This enables 

rapid detection and correction of slight deviations of process parameters yielding increased 

productivity and profitability. In addition, large margins that are used in the heat treatments, 

to prevent safety issues, can be minimized to improve quality aspects such as nutritional 

value and taste. 

These reasons necessitate the design of a temperature control system that will ensure that 

milk pasteurization is carried out optimally and respond more rapidly and accurately than 

human intervention. The PID algorithm is the most popular feedback controller used within 

the process industries as it has been successfully used for over 50 years [6, 7]. It is a robust 

and easily understood algorithm that can provide excellent control performance despite the 

varied dynamic characteristics of a process plant. 

Plate Heat Exchanger (PHE) is a device that is used to transfer thermal energy between 

two fluid streams at different temperatures without mixing the two streams. It is employed 

in milk pasteurization plant and is designed such that heat can be indirectly transferred to 

the milk to heat it up to the desired temperature. The flow pattern of the Plate Heat 

Exchanger as shown in Figure 1 is such that the milk to be heated flows in a counter current 

direction [8] with the one that will be cooled. This has the advantage of saving energy in 

the process plant, as extra heating is not needed in warming up before pasteurization [9] 

and cooling devices are also unnecessary in cooling down the milk before chilling. 

In this work, an appropriate heat exchange controller is developed for milk pasteurization 

in a local milk factory. In developing the system model, the parameters of a local milk 

factory are used. In this way, the developed controller is suitable for the factory operation 

but can be adapted to other application areas. 

 

2. System Modelling 

The mathematical model for the plate heat exchanger is first developed. The 

following assumptions were made in realizing the PHE model used for this work:  

(i) All physical properties for incoming fluid flows are known. 

(ii) Heat exchanger is insulated from its surroundings, in which case the only heat 

exchange is between hot and cold fluids (an adiabatic thermal system).  

(iii) Conduction losses along the walls are negligible 

(iv) Fluid is flowing only in one direction inside each heat exchanger channel. 

(v) All fluids enter the heat exchanger with a uniform velocity.  

(vi) Overall heat transfer coefficient changes over the heat surfaces are negligible.  

With these assumptions, the constitutive relations for the plate heat exchanger is 

modeled by analyzing the thermal system as being analogous to electrical systems so 

that they can contain both resistive and capacitive elements [10]. Using circuit 

analyses, the model becomes easy to analyze as coupled differential equations and 

solve into plant transfer function. Table 1 shows the analogy between various 

elements of a thermal system and those of an electrical circuit. 
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Figure 1. The Flow Pattern in a Plate Heat Exchanger 

Table 1. Equivalent Electric Circuit Parameters of Thermal Elements 

Thermal Parameter 
Symbol/ 

Unit 

Equivalent Electric Circuit 

Parameter 

Symbol/ 

Unit 

Fluid Flow Rate G (kg/s) Current I (A) 

Temperature T (K) Voltage V (V) 

Fluid Convective Resistance R (K/W) Resistance R (Ω) 

Plate Conductive Resistance R(K/W) Resistance R (Ω) 

 

Based on this concept, the thermal system is modelled in its electric circuit analogy as 

shown in Figure 2 where: 

 

RM = Milk convective resistance   TS = Steam temperature into the PHE    

GM = Milk flow rate inside the PHE              TSˈ = Steam temperature inside the PHE 

TM = Milk temperature, flowing into the PHE GS = Steam flow rate in the PHE                                               

TMˈ = Milk temperature inside the PHE  CPS = Steam specific heat capacity                                         

Tα= Ambient temperature   RS = Steam convective resistance                                        

CM= Milk thermal capacitance   CS = Steam thermal capacitance                                    

CPM = Milk specific heat capacity  TW = PHE temperature                                                     

RSW= Steam to wall thermal resistance  RMW = Milk to wall thermal resistance 

In order to develop a mathematical model for the thermal system from the equivalent 

circuit in Figure 2, the concept of energy balance is used.  

Thus, the heat delivered by the steam, the heat transferred through the wall of the heat 

exchanger and the heat stored in the milk were used to model the PHE. 

Letting RSW and RMW be defined as in equations (1) and (2), the heat distribution on the 

steam side is given by equation (3)  
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Figure 2. Lumped Parameter Circuit Model of the Plate Exchanger 

𝑅𝑆𝑊 =  𝑅𝑆 +  
1

2
𝑅𝑊                                                                                                                          (1) 

𝑅𝑀𝑤 =  𝑅𝑀 +  
1

2
𝑅𝑊                                                                                                                        (2) 

𝐺𝑆𝐶𝑃𝑆(𝑇𝑆 − 𝑇𝑠ʹ) =  
𝑇𝑠ʹ −  𝑇𝑊

𝑅𝑆𝑊
+ 𝐶𝑆

𝑑𝑇𝑠ʹ

𝑑𝑡
                                                                                 (3) 

Steam is the most common heating medium which in conducting transfers its latent heat 

to flow of heat stream causing heat load to be proportional to steam flow [11]. Therefore, 

equation (3) can be rewritten as: 

 

𝐺𝑆𝐻𝑆 =
(𝑇𝑠ʹ −  𝑇𝑊 )

𝑅𝑆𝑊
 + 𝐶𝑆

𝑑𝑇𝑠ʹ

𝑑𝑡
                                                                                                  (4) 

 

where HS is the latent heat of steam. 

 

The heat transferred through wall of plate heat exchanger is modeled thus: 

 
(𝑇𝑠ʹ − 𝑇𝑊)

𝑅𝑆𝑊
=

(𝑇𝑊 − 𝑇𝑚ʹ)

𝑅𝑀𝑊
+ 𝐶𝑊

𝑑𝑇𝑤

𝑑𝑡
                                                                                     (5) 

 

The heat distribution of the milk side, from Figure 2 circuit model is given by: 

 

𝐺𝑀𝐶𝑃𝑀(𝑇𝑀 − 𝑇𝑀ʹ) +
(𝑇𝑊 −  𝑇𝑀 ʹ)

𝑅𝑀𝑊
= 𝐶𝑀

𝑑𝑇𝑀ʹ

𝑑𝑡
                                                                        (6) 

 

For heat to be absorbed, the temperature of the milk must be lower than the supplied 

steam, and in this case no heat is transferred from the milk to the steam [12]. 

The variables in the three coupled differential equations are; GS, TS’, TW, TM’ and TM. 

The values of the constants HS, RSW, CS, RWM, GM, CPM and CW are obtained from the plant 

process unit parameters. 

The differential equations (4), (5) and (6) will be solved in order to obtain a single 

transfer function that models the entire system. In doing this, other variables are eliminated 

except GS and TS
’ which determine the dynamic response of how steam raises the milk 

pasteurization temperature. 
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By eliminating 𝑇𝑊  and 𝑇𝑠ʹ  using equations (4), (5) and (6) a 3rd order differential 

equation which is a function of GS, TM   and TM
ʹ is obtained as: 

 

𝐺𝑆𝐻𝑆 = −𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀𝑅𝑆𝑊𝑅𝑊𝑀
𝑑2𝑇𝑀

𝑑𝑡2 −  [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 +

𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
]

𝑑𝑇𝑀

𝑑𝑡
− 𝐺𝑀𝐶𝑃𝑀𝑇𝑀 + 𝐶𝑆𝐶𝑊𝐶𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 

𝑑3𝑇𝑀′

𝑑𝑡3  [𝐶𝑊𝐶𝑀𝑅𝑊𝑀 +

 𝐶𝑆𝐶𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑊𝑅𝑆𝑊 + 𝐶𝑆𝐶𝑀𝑅𝑆𝑊]
𝑑2𝑇𝑀′

𝑑𝑡2 +

[𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑊 + 𝐶𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐶𝑆 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
]

𝑑𝑇𝑀ʹ

𝑑𝑡
+  𝐺𝑀𝐶𝑃𝑀𝑇𝑀 ′                                                                                                                               (7) 

 

Since the controlled variable is the milk temperature TM
ʹ, in the plate heat exchanger 

which is the output temperature of the milk that is measured, the equation can be rearranged 

by collecting the terms involving the output milk temperature TM
ʹ on the right-hand side 

(RHS). The GS and TM terms are collected on the left-hand side (LHS) of the equation as 

follows: 

LHS = 𝐺𝑆𝐻𝑠 +  𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀𝑅𝑆𝑊𝑅𝑊𝑀
𝑑2𝑇𝑀

𝑑𝑡2 +  [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 +

𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
]

𝑑𝑇𝑀

𝑑𝑡
− 𝐺𝑀𝐶𝑃𝑀𝑇𝑀                                                                      (8a) 

 

RHS=𝐶𝑆𝐶𝑊𝐶𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 
𝑑3𝑇𝑀ʹ

𝑑𝑡3  [𝐶𝑊𝐶𝑀𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 +

𝐶𝑆𝐶𝑊𝑅𝑆𝑊 + 𝐶𝑆𝐶𝑀𝑅𝑆𝑊]
𝑑2𝑇𝑀ʹ

𝑑𝑡2 + [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑊 + 𝐶𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑆 +

 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
]

𝑑𝑇𝑀ʹ

𝑑𝑡
+  𝐺𝑀𝐶𝑃𝑀𝑇𝑀ʹ                                                             (8b) 

 

Taking the Laplace transforms of (8a) and (8b), 

 

LHS= 𝐺𝑆𝐻𝑠 (𝑠) +  𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀𝑅𝑆𝑊𝑅𝑊𝑀𝑠2𝑇𝑀(𝑠) +  [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +

𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
] 𝑠𝑇𝑀(𝑠) − 𝐺𝑀𝐶𝑃𝑀𝑇𝑀 (𝑠)                            (9a) 

 

RHS=𝐶𝑆𝐶𝑊𝐶𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 𝑠
3𝑇𝑀′(𝑠) [𝐶𝑊𝐶𝑀𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑀𝑅𝑊𝑀 +

𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑊𝑅𝑆𝑊 + 𝐶𝑆𝐶𝑀𝑅𝑆𝑊]𝑠2𝑇𝑀′(𝑠) + [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑊 +

𝐶𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑆 +  𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
] 𝑠𝑇𝑀′(𝑠) + 𝐺𝑀𝐶𝑃𝑀𝑇𝑀′(𝑠)     (9b) 

 

Equations (9a) and (9b) suggest that there are two inputs into the system - GS(s) which 

is the steam flow rate into the PHE and TM(s), the input milk temperature disturbance into 

the system. Therefore, the response due to each input is obtained by equating the other input 

to zero in 9a and 9b. The transfer function between input GS(s) and the output variable 

TM’(s) which models how a change in steam flow rate affects the milk output temperature 

is thus obtained as: 

𝐺𝐻 =
𝑇𝑀1ʹ(𝑠)

 𝐺𝑆(𝑠)
=

𝑛𝑢𝑚1

𝑑𝑒𝑛1
                                                                                                                (10) 

 

where TM1’(s) is the system response due to input GS(s); 𝑛𝑢𝑚1 = 𝐻𝑆 and 𝑑𝑒𝑛1 is given 

by: 
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𝑑𝑒𝑛1 = 𝐶𝑆𝐶𝑊𝐶𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 𝑠
3

+  [𝐶𝑊𝐶𝑀𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑊𝑅𝑆𝑊

+ 𝐶𝑆𝐶𝑀𝑅𝑆𝑊]𝑠2

+ [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑊 + 𝐶𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐶𝑆

+  𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
] 𝑠 +  𝐺𝑀𝐶𝑃𝑀 

 

The transfer function which models how a change in milk inflow temperature 

(disturbance) affects the output temperature of milk is obtained as: 

 

𝐺𝐷 =
𝑇𝑀2ʹ(𝑠)

 𝑇𝑀(𝑠)
=

𝑛𝑢𝑚2

𝑑𝑒𝑛2
                                                                                                                (11) 

 

where TM2’(s) is the system response due to disturbance input TM(s); and 𝑛𝑢𝑚2 and 𝑑𝑒𝑛2 

are given by: 

 

𝑛𝑢𝑚2 = 𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀𝑅𝑆𝑊𝑅𝑊𝑀𝑠2

+ [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
] 𝑠

− 𝐺𝑀𝐶𝑃𝑀 
 

𝑑𝑒𝑛2 = 𝐶𝑆𝐶𝑊𝐶𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 𝑠
3

+ [𝐶𝑊𝐶𝑀𝑅𝑊𝑀 +  𝐶𝑆𝐶𝑀𝑅𝑊𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑊𝐶𝑃𝑀 𝑅𝑆𝑊𝑅𝑊𝑀 + 𝐶𝑆𝐶𝑊𝑅𝑆𝑊

+ 𝐶𝑆𝐶𝑀𝑅𝑆𝑊]𝑠2

+ [𝐺𝑀𝐶𝑊𝐶𝑃𝑀𝑅𝑊𝑀 +  𝐶𝑊 + 𝐶𝑀 + 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑊𝑀 + 𝐶𝑆

+ 𝐺𝑀𝐶𝑆𝐶𝑃𝑀𝑅𝑆𝑊 +
𝐶𝑀𝑅𝑀𝑊

𝑅𝑆𝑊
] 𝑠 +  𝐺𝑀𝐶𝑃𝑀  

The steam flow rate GS(s) is a function of the control signal U(s) applied to the steam 

control valve GV and so the entire open loop system is illustrated in Figure 3. 

 

TM(s)

+

+
GV GH

U(s) GS(s)

Steam Valve Plate Heat Exchanger

GD

TM  s)

Disturbance
Factor

TM2'

TM1'

 

Figure 3. Open Loop Block Diagram of the Process 

3. Methodology 

The open loop system in Figure 3 was simulated in MATLAB environment to obtained 

the unit step responses of the system due to both the main input U(s) as well as the 

disturbance TM(s). 
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The system parameter values used were obtained from a local processing factory, 

Fan Milk Nigeria Plc, Ibadan, Nigeria and some standard reference materials, while 

some were calculated using standard procedures. The parameter values are as shown 

in Table 2. 

Table 2. Milk Pasteurization Process Parameter Values 

Name Notation Value 

Temperature of steam flow into the PHE TS 85⁰ 

Steam Flow Rate in the PHE GS 0.659 kg/s 

Steam Specific Heat Capacity CPS 1.979x103 J/kg K 

Latent Heat of Steam HS 2.29364x106 J/kg 

Steam Convective Resistance RS 2.373x10-5 K/W 

Steam Thermal Capacitance CS 1304.16 W/K 

PHE Conductive Resistance RPHE 6.972x10-6 K/W 

Milk Convective Resistance RM 9.091x10-5 K/W 

Milk Flow Rate inside PHE GM 6.94 kg/s 

Pasteurization Temperature Set Point TSP 75⁰ 

Milk Thermal Capacity CM 26163.8 W/K 

Milk specific Heat Capacity CPM 3.77x103 J/kg/K 

Control Valve Coefficient GV 1.28x10-2 m3/s 

PHE Thermal Capacitance CW 460 J/kgK 

 

With these parameter values, the following system transfer functions were obtained: 

𝐺𝑃 = 𝐺𝑉𝐺𝐻 =
2.936 × 104

40.33𝑠3 + 5342𝑠2 + 1.24 × 105𝑠 + 2.616 × 104
                                  (12) 

 

𝐺𝐷 =
40.33𝑠2 + 9.603 × 104𝑠 + 2.616 × 104

40.33𝑠3 + 5342𝑠2 + 1.24 × 105𝑠 + 2.616 × 104
                                                   (13) 

PID Controller GC and a unit feedback H were added to the system in Figure 3 in order 

to apply the PID object controllers in the forms of Proportional (P), Proportional plus 

Integral (PI), Proportional plus Derivative (PD) and Proportional Plus Integral plus 

Derivative (PID) to the modelled plant as shown in Figure 4. This is to improve the system 

performance [13]. The new system was again simulated in MATLAB environment to obtain 

the unit step responses. The command pidtune was used to optimize the selected PID 

controller. Given a plant model, pidtune automatically tunes the PID gains to balance 

performance (response time) and robustness (stability margins).  

In order to achieve a pre-emptive control action that the PID feedback controller cannot 

achieve, a feedforward controller was added to the feedback control system. The 

feedforward controller transfer function GF is obtained by making the output variable equal 

to zero with the disturbance input applied to the plant as shown in Figure 5 [14]. 

 

The appropriate feedforward controller for the system is obtained as: 

 

𝐺𝐹 −
𝐺𝐷

𝐺𝑃
=

−40.33𝑠2 − 9.603 × 104𝑠 − 2.616 × 104

2.936 × 104
                                                      (14) 

The resulting system comprising both the feedback and feedforward controllers is shown 

in Figure 6: 

Simulations were carried out using the combination of feedforward controller and each 

form of PID controllers. 
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Figure 4. Closed Loop Block Diagram of the Process with PID Controller 
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Figure 5. Block Diagram Showing the Connection of the Feedforward 
Controller 

 

Figure 6. Process Block Diagram with Feedforward and Feedback 
Controllers 
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3. Simulation Results and Discussions 

The system unit step responses due to the set point input and disturbance input resulting 

from the simulations carried out with different controllers are illustrated in Figures 7 to 15. 

The time response parameters for different controllers with respect to the control input and 

disturbance input are shown in Tables 3 and 4. Open loop controller has a 0% overshoot 

but the highest rise time and settling time of 10.3143% and 18.4089 seconds respectively 

while its maximum response to unit disturbance stands at 1.1221 at 49.5067 seconds. 

Feedforward plus PD controller produces the lowest rise time and settling time of 0.0769 

second and 0.2453 seconds respectively, the least maximum response to unit disturbance 

of 1.61x10-16 at 0.1167 seconds but has an overshoot of 9.2661%. The combination of 

feedforward and PID controllers produce lower percentage overshoot of 6.2713% but it is 

not as fast as it has rise and settling times of 3.7242 and 13.5523 seconds respectively. 

 

 
(a)                                                                                        (b) 

Figure 7. Open Loop System Unit Step Response (a)Main Input 
(b)Disturbance Input 

 

(a)                                                                                      (b) 

Figure 8. System Unit Step Response with P Controller (a)Main Input 
(b)Disturbance Input 

 

(a)                                                                                 (b) 

Figure 9. System Unit Step Response with PI Controller (a)Main Input 
(b)Disturbance Input 
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(a)                                                                                  (b) 

Figure 10. System Unit Step Response with PD Controller (a)Main Input 
(b)Disturbance Input 

 

(a)                                                                                  (b) 

Figure 11. System Unit Step Response with PID Controller (a)Main Input 
(b)Disturbance Input 

 
(a)                                                                                 (b) 

Figure 12. System Unit Step Response with Feedforward plus P Controller 
(a)Main Input (b)Disturbance Input 

 

(a)                                                                                 (b) 

Figure 13. System Unit Step Response with Feedforward Plus PI Controller 
(a)Main Input (b)Disturbance Input 
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(a)                                                                               (b) 

Figure 14. System Unit Step Response with Feedforward plus PD Controller 
(a)Main Input (b)Disturbance Input 

 
(a)                                                                                (b) 

Figure 15. System Unit Step Response with Feedforward plus PID Controller 
(a)Main Input (b)Disturbance Input 

Table 3. Time Response Parameters for Different Controllers with Respect 
to the Control Input 

Controller 

type 

Rise 

time 

Settling 

time 

Settling 

min 

Settling 

max 

% 

Overshoot 
Peak 

Peak 

time 

Open loop 10.3143 18.4089 1.0139 1.1221 0 1.1221 49.507 

P  

Controller 
0.0947 0.3037 0.9052 1.0718 8.7684 1.0718 0.205 

PI  

Controller 
3.2907 12.4994 0.9173 1.143 14.295 1.143 7.2144 

PD 

 Controller 
0.0769 0.2453 0.9089 1.081 9.2661 1.081 0.1633 

PID 

 Controller 
3.7242 13.5523 0.9107 1.0627 6.2713 1.0627 8.3074 

Feedforward 

+P 
0.0947 0.3037 0.9052 1.0718 8.7684 1.0718 0.205 

Feedforward 

plus PI 
3.2907 12.4994 0.9173 1.143 14.295 1.143 7.2144 

Feedforward 

plusPD 
0.0769 0.2453 0.9089 1.081 9.2661 1.081 0.1633 

Feedforward 

plus PID 
3.7242 13.5523 0.9107 1.0627 6.2713 1.0627 6.2713 
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Table 4. Time Response Parameters for Different Controllers with Respect 
to the Disturbance Input 

Controller 

type 

Rise 

time 

Settling 

time 

Settling 

min 

Settling 

max 

% 

Overshoot 
Peak 

Peak 

time 

Open loop 3.6951 11.2618 0.9 0.9966 0 0 19.531 

P  

Controller 
0.0024 0.3615 -0.032 0.5344 3.6x103 217.70 0.0675 

PI  

Controller 
0 12.9604 -0.098 0.762 Inf Inf 0.1785 

PD 

 Controller 
0.0021 0.3032 -0.031 0.4618 4.3x103 294.85 0.0589 

PID 

 Controller 
0 13.7461 -0.035 0.7563 Inf Inf 0.1686 

Feedforward 

 plus P 
0.0023 NaN -2.9x10-17 1.9x10-16 1.5x103 1.1x104 0.1265 

Feedforward 

plus PI 
0 22.9791 -1.0x10-16 2.8x10-16 Inf Inf 0.1913 

Feedforward 

plus PD 
0.002 NaN -2.4x10-17 1.6x10-16 1.8x103 1.3x103 0.1167 

Feedforward 

plus PID 
0 14.6366 -8.9x10-17 2.2x10-16 Inf Inf 0.2162 

 

The results show that the addition of the feedforward controller has greatly improved the 

system’s disturbance rejection. However, the combination of the feedforward controller and 

PD has the greatest effect on disturbance rejection. 

Feedforward plus PD produces the fastest response but its stability margin is not as high 

as that of Feedforward plus PID due to its relatively higher overshoot. 

 

4. Conclusion 

The model that fully describes the relationship between the steam flow rate and the milk 

temperature in the heat exchanger has been developed. Different types of PID controllers 

and a feedforward controller have been designed to achieve adequate pasteurization of milk 

with a view to realizing high response speed and margin of stability as well as good 

disturbance rejection. In all, a combination of Feedforward and PD controllers maintains a 

balance between speed of response, stability margin and disturbance rejection. This 

combination seems to provide the most appropriate condition for milk pasteurization and is 

therefore recommended as the most suitable controller for the process under study. The 

choice of controller may however be improved upon by adopting more recent controller 

design techniques. 
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