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ab s t r ac t
This paper presents a two-degree-of-freedom (2-DOF) robust (H∞) loop-shaping algorithm to control 
and stabilize a multi-stage flash (MSF) desalination plant under parametric uncertainties, external dis-
turbances and measurement noises. In this paradigm, the general uncertainty model represented by 
coprime factor uncertainty (CFU) description is able to cover both unmodeled dynamics and physical 
parameter variations at all frequencies. By using 2-DOF H∞ loop-shaping technique, the designers can 
shape the frequency response of the original model into the desired shape which satisfies both tran-
sient response and robustness against various uncertainties. Top brine temperature and recycle brine 
flow rate have been chosen to stand for MSF plant performance. The simulation results demonstrate 
that the achieved controller has high stability margin, excellent abilities of disturbances and noises 
attenuations. In fact, it can deal with approximately 60% of parameter variations, reject at least 84% of 
exogenous disturbances, and 80% of sensor noises. Note that most currently used controllers reported 
cannot cope with those high levels of plant uncertainties and disturbances. Thus, it is necessary to 
implement the advanced control schemes for effectively controlling MSF plants, ensuring high water 
quality and optimizing water monitoring system. Finally, this robust control method with reduced-
order can help prevent machine faults, stabilize MSF plants, optimize energy usage, and lower water 
production costs, with overcoming various limitations of some conventional controllers.

Keywords: �Coprime factor uncertainty; H∞ loop-shaping; Multi-stage flash (MSF) desalination; 
Robust control; Reduced-order controller; Energy-efficient method; Water quality

1. Introduction

Freshwater scarcity is already showing grave prob-
lems for arid countries, mostly in Africa, Middle East, and 
Caribbean regions. As the populations continuously grow, 
water supplies will become increasingly insufficient. Oceans, 
which cover more than 70% of the earth’s surface and contain 

97% of the earth’s water, have salt water [1]. The salinity 
of seawater must be reduced before it can be used. Water 
desalination is one of the main methods to solve acute water 
shortage problems. It is known that the two major desali-
nation methods are MSF and reverse osmosis (RO). Before 
the 1980s, MSF plants had contributed most of the world 
desalted water. However, during the period 1980–1999, 
the RO process started to gain ground in the desalination 
market through progress and development of permeating 
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membranes with high fluxes, operating at relatively low 
pressures [2]. Nowadays, although RO process is leading 
in the global water market, MSF still plays a significant role 
in desalination industry. Actually, it is the most mature and 
reliable desalination process since the 1960s. MSF plants are 
also the dominant type of water desalination in some coun-
tries such as Saudi Arabia, Kuwait [3] and the United Arab 
Emirates.

MSF desalination is a very complex process that con-
sumes a substantial amount of thermal energy [4]. Moreover, 
its performance is affected by some external factors such 
as salt concentration and seawater temperature. Therefore, 
MSF plants need more accurate control systems to main-
tain their operations in optimum conditions ensuring low 
product costs without system failures. Many control strate-
gies for automatically manipulating MSF plants have been 
introduced in the literature. As summarized by Alatiqi et al. 
[2], the conventional strategies include manual, PID, ratio, 
cascade and feed-forward approaches. Advanced control 
methods include gain scheduling, time-delay compensation, 
decoupling control, dead-time compensation, and Smith-
predictor. Other widely used advanced control techniques 
include model predictive, statistical quality, internal model, 
adaptive, pattern recognition, and state estimation schemes. 
New advanced control methods include optimal, nonlinear, 
expert system, fuzzy, and simulators. However, due to global 
climate change and higher water demand, plant operators 
always look for automatic controllers that can lower product 
costs while coping with increasing external disturbances in 
MSF plants. Some robust controllers have been designed for 
MSF systems such as model predictive controller (MPC) [5] 
and constraint model predictive control [6] but the allowed 
modeling mismatches are relatively low and there exist some 
weaknesses in tuning and computational time. Furthermore, 
external disturbances and noises are not sufficiently consid-
ered in the operations of MSF desalination plants so far.

In this paper, a new robust controller using loop-shaping 
procedure is designed for a specified MSF plant to monitor 
the water quality under parametric uncertainties, measure-
ment noises, and external disturbances. The ultimate control 

aim is to ensure the robust performance of the MSF plants 
at high thermal efficiency operating points under different 
constraints to lower the product costs and provide energy-
efficient methods of purifying seawater.

2. MSF system description

2.1. Desalination process

MSF desalination is the evaporating and condensing 
processes, which are generally split into many stages. The 
MSF system includes three main sections: heat-rejection, 
heat-recovery and brine heater (Fig. 1). The heat-rejection 
and heat-recovery sections are the combinations of flashing 
chambers (stages) connected in series. Each stage consists 
of a brine pool, condenser tubes, a distillate tray, a demis-
ter and an orifice. Typically, the modern MSF plants with 
three stages in the heat-rejection section and 12–29 stages 
in the heat-recovery one will offer good performances [7]. 
The brine heater includes two separate streams, in which 
one stream is the recycle brine exiting from the first stage 
of the heat-recovery section, and the other stream is the 
low-pressure steam used to heat the first stream to the 
desired temperature.

In this model, intake cool seawater is first pumped into the 
condenser tubes of the heat-rejection section to get heated by 
the heat released from the condensation of flashing vapor in 
the chambers. A part of the stream leaving the heat-rejection 
section is rejected to the sea, and the other part will be mixed 
with the brine in the last stage of the heat-rejection section 
as make-up. The brine exiting from the final stage of heat- 
rejection section is partly recycled to the last stage of the 
heat-recovery section. For the flow to the first stage of the 
heat-recovery section, this recycle stream is gradually heated 
by the heat released from the condensation of flashing vapor 
in the chambers.

The pre-heated brine coming from the first stage of the 
heat-recovery section will be further heated to reach the 
required top brine temperature in the brine heater, and then 
it flows back into the heat-recovery section at the first stage. 

Fig. 1. A schematic diagram for circulating-brine MSF desalination plant.
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This heated brine will be flashed off when moving through 
the stages with decreasing pressures. The flashing vapor will 
be condensed by the condenser tubes and collected from dis-
tillate trays as product water. One part of the concentrated 
brine coming out from the last stage of heat-rejection section 
is discharged as blow down, and the other will serve as men-
tioned recycle brine.

2.2. Physical model formulation

The design of an efficient controller requires a rigorous 
mathematical model of the MSF system. Several MSF pro-
cess models have been proposed in the literature. They were 
formulated using some main methods such as tridiagonal 
matrix [8], state-by-state calculation [9], global methods [10], 
relaxation method [11] and combinations of methods [12]. 
Since MSF is a complicated and coupled nonlinear recy-
cle process with closed-loop information flows, most of the 
dynamic models have been constructed using commercial 
software such as gPROMS [13], Aspen Plus [14], SPEEDUP 
[6,15,16], MATLAB [17] and IPSEpro [3].

In this paper, the system modeling is based on the phys-
ical equations in each unit; then they are coupled together to 
give the mathematical model for the complete desalination 
system. Each flash stage in MSF plant consists of four main 
components: the brine pool, distillation tray, vapor space and 
the condenser tubes as depicted in Fig. 2.

The modeling issue in this section is to show the rela-
tions between the system input and output variables. In 
order to reach the goal, top brine temperature (TBT) and 
recycle brine flow (FRB) are selected as controlled variables 
to represent the dynamic performance of a desalination 
process. In fact, they are the most influential controlled 
variables for monitoring MSF plants. In addition, the manip-
ulate variables are steam-flow-control valve position (uST) 
and recycle-flow-control valve position (uRB), respectively 
(see Fig. (1)). Some assumptions are made to simplify the 
modeling as follows:

•	 The brine is well mixed in every stage,
•	 The system is well insulated,
•	 No flashing occurs before entering the first flashing stage,
•	 The distillate temperature leaving any stage is the same 

as the vapor condensation temperature,
•	 The distillate product is salt-free,
•	 The effect of non-condensable gas and any holdup 

change for the cooling brine flowing inside the tubes is 
negligible.

Based on these assumptions and inherited from the 
dynamic model of Woldai et al. [15], the mathematical 
equations of an MSF plant with n stages are described 
below.

At first, the characteristics of recycle-flow-control valve 
give the relation between uRB and FRB as:

F F R u
RB RB

RB= −
,max

( )1 	 (1)

where FRB,max is the recycle brine flow at full opening, and R 
the range ability of the respective valve.

While uRB relates to FRB directly through Eq. (1), uST and 
TBT have an indirect relation since the hot steam in brine 
heater and the recycle brine going out from condenser tubes 
in the first stages are separated streams. Note that this rela-
tion depends on the steam flow rate, recycle brine flow rate, 
and their temperatures. The steam flow rate is manipulated 
by steam-flow-control valve as follows:

F C R Pu
ST vs

ST= −( )1 ∆ 	 (2)

where Cvs is the valve coefficient and DP the pressure drop 
through the valve.

The hot steam will heat the coming recycle brine in the 
brine heater to reach the top brine temperature TBT. Using the 
energy balance equation in the brine heater, this is described 
as follows:

M C dT
dt

F C T T

F H H

T,H F
BT

RB F F ,1 BT

ST ST C

RB RB RB
= −

+ −

( )

( )
	 (3)

where M is the mass hold up, C the heat capacity, F the flow 
rate and H the enthalpy; the subscript T indicates tubes, the 
subscript RB indicates recycle brine, the subscript ST indi-
cates steam, and the subscript C indicates the condensate 
steam going out of brine heater.

In this model, only the distributed parameter is the brine 
temperature. In Eq. (3), TFRB,1 is the brine temperature in con-
denser tubes of stage 1, which depends on the temperature 
and heat transfer of the other stages in the MSF process. The 
temperature TFRB and heat transfer Q of any stage i, respec-
tively expressed by the following equations:

M C
dT
dt

FC T T QF FRB RB

F ,i
F F ,i-1 F ,i i

RB

RB RB RB
= − +( ) 	 (4)

and

Q UA Ti i= ∆ 	 (5)Fig. 2. Block diagram of the ith stage in the repeated stages.
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where U is the average heat transfer coefficient; A the con-
denser heat transfer area. Then ΔT can be calculated as 
follows:

∆T
T T

T T

T T

i
F ,i F ,i-1

D,i F ,i-1

D,i F ,i

RB RB

RB

RB

=
−

−

−













ln

	 (6)

The saturation temperature TD is now given by:

T T T TD,i B,i BPE NEA= − − 	 (7)

where TBPE is the total loss of temperature due to boiling point 
elevation and TNEA is the non-equilibrium allowances. Next 
TB is the temperature of flashing brine in the brine pool of any 
stage i given as follows:

M C
dT
dt

B H H B V V HB,i B,ave
B,i

i 1 B,i 1 B,i i 1 B,i B,i V,B,i= − − −− − −( ) 	 (8)

where CB,ave is the average heat capacitance of all brine pools, 
B the flashing brine flow rate and V the vapor flow rate in the 
brine pools.

In Eq. (8), the total mass balance in the brine pool and the 
vapor space are respectively, calculated as:

B B Vi i 1 B,i= −− 	 (9)

V F V V Vi D,i B,i D,i i 1+ = + + − 	 (10)

Then the condensation rate FD is given by:

F Q
H HD,i

i

V,i D,i

=
−

	 (11)

where the subscript V indicates vapor and D implies 
distillation.

It is also noted that the last stage in the heat-rejection sec-
tion receives the make-up flow FMK while reject the recycle 
brine FRB,max and the blowdown FBD. Consequently, Eqs. (8) 
and (9) are modified as follows, respectively:

M C
dT
dt

B H F H H

B F V V

B,n B,ave
B,n

n 1 B,n 1 MK MK B,n

n 1 MK B,n B

= + −

+ − −

− −

−( ) ,,n V,B,nH
	 (12)

and

F B F V FRB,max n-1 MK B,n BD= + − − 	 (13)

It can be seen that the dynamic relations between the 
inputs and outputs are represented by a set of differential 
equations and algebraic balances representing the dynamic 
model of any stage i and the brine heater. These dynamic 
models are complex with recycle flows and usually need 
computer-aided solvers to be further explored.

2.3. Controlled system model

Through the aforementioned MSF models, the funda-
mental parameters standing for dynamic performance are 
described by:

•	 Top brine temperature TBT,
•	 Recycle brine flow rate FRB,
•	 Low-pressure steam flow rate to the brine heater,
•	 Thermal performance ratio, which is the ratio of product 

water flow rate to the heating steam flow rate,
•	 Make-up seawater flow rate,
•	 Intake seawater flow rate,
•	 Intake seawater temperature,
•	 Brine level in the last stage of heat-rejection section.

The general control framework for the MSF process oper-
ations is constructed based on the interaction analysis of the 
manipulated and controlled variables. This is done by mean 
of the relative gain array (RGA). The analysis of RGA sug-
gested some main pairings of manipulated and controlled 
variables for MSF process. They are identical in some studies 
as those of Woldai et al. [15] and Maniar and Deshpande [6], 
which include:

•	 Top brine temperature TBT is controlled by the steam-
flow-control valve position,

•	 Recycle brine flow rate FRB is manipulated by the recycle-
brine-flow-control valve position,

•	 Make-up flow rate is controlled by the make-up-
flow-control valve position,

•	 Intake seawater flow rate is controlled by the 
intake-flow-control valve position.

Since TBT and FRB are the most influential controlled vari-
ables, they have been chosen to represent the dynamic per-
formances of MSF process in this paper. Consequently, the 
manipulated variables are the steam-flow-control valve posi-
tion uST and the recycle-brine-flow control valve position uRB. 
In this study, the dynamic model has been estimated using 
empirical tools instead of mass, energy, and momentum bal-
ances. In fact the transfer function that relates the mentioned 
inputs and outputs of an 18-stage MSF plant was reported by 
Woldai et al. [15]. The second-order model with time-delay is 
given as follows:

G s
k t s

t s t s
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	 (14)

where k is the process gain, Td time delay and t time constant. 
The transfer function relating to input/output vectors is given 
by:

Y s G s U s U s
u
u

Y s
T
F

( ) ( ) ( ), ( ) , ( )= =








 =


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


with ST

RB
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	 (15)

For the transfer function in Eq. (14) to be expressed in ratio-
nal polynomial form, the time-delay term can be described 
by the Pade approximation using second order:

e

T s T s

T s T s
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− +

+ +

1
2 12
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2 12

2

2

d d
2

d d
2 	 (16)
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From the system model in Eq. (14), it is noted that uRB 
affects both FRB and TBT while uST only has effects on TBT. Then 
TBT and FRB have direct effects on production and thermal 
efficiency. Increasing the FRB will increase the total produc-
tion but will decrease the performance ratio because more 
steam will be needed to heat the FRB to the same as TBT [14]. 
One major issue needed to be concerned is the scale for-
mation inside the pipes. It is known that some of the main 
scaling factors are alkaline and non-alkaline scales such as 
CaCO3 and CaSO4 [18]. The scale formation strongly depends 
on temperature and pH in the process. If the brine is over-
heated, the high scale deposition will prevent the heat trans-
fer and devastate system efficiency. On the other hand, the 
lower limit of FRB is also fixed to avoid scaling caused by a 
low velocity of brine. Therefore, the TBT and FRB must be lim-
ited in their ranges to guarantee proper and safe operations 
for MSF plants. According to Al-shayji [19], the limits depend 
on the type of feed treatments. Typically, in the Persian gulf, 
the upper limit of TBT at 110°C –112°C is set due to scaling 
problems and the lower limit is set at 90°C to avoid corrosion 
problems. The low velocity of brine will reduce heat-transfer 
coefficient and increase the sedimentation of solids on the 
heat-transfer surface. The lower limit of brine velocity is cho-
sen at 1.8 m/s. Besides, the maximum flow rate for the recycle 
brine is limited by the maximum allowable velocity in the 
cooling tubes. The upper limit of brine velocity is set at 2 m/s 
to avoid erosion and carry-over of brine to the distillate.

The vital issue in the control problem of MSF plant, 
which is insufficiently considered in the literature, is the 
control robustness against uncertainty and disturbance. The 
uncertainties in the MSF desalination plants come from many 
sources during normal operations. For instance, some model 
parameters are poorly known, or they are variables due to 
changes in the operating conditions, such as the heat transfer 
coefficients in heating tubes are decreasing due to scaling; the 
temperature losing due to pressure drop through the tubes 
is also variable [20]. The presence of non-condensable gas-
ses also causes large mismatches of brine density and vapor 
enthalpy. Besides the uncertainties, external disturbance and 
sensor noises should be considered in the actual MSF plant 
operations. In this paper, all the mentioned uncertainties are 
described by the parameter variations in the transfer function 
(Eq. (14)), as depicted in Table 1. The designed controller will 
be tested under a wide range of possible operating conditions 

of these model variations. It is expected to provide robust 
performance to overcome those uncertainties and have high 
ability of disturbance rejection and noise attenuation.

3. The 2-DOF robust control synthesis

As mention above, the TBT and FRB have direct effects 
on the MSF performance, and they must be kept stable in 
their operation limits. In fact, there exist couplings between 
these variables. Besides, the system parameters in the MSF 
process are not fixed at their nominal values but do vary in 
their uncertainty ranges as described in Table 1. Furthermore, 
the control system copes with many external and unstable 
factors which can cause some unpredictable behaviors for 
controlled variables. As such a complex process, MSF plant 
requires an efficient and powerful control system to main-
tain its operations at optimal conditions that result in the low 
product costs and prevent system failures. In this section, a 
2-DOF H∞ loop-shaping controller is designed to bridge the 
gap between dynamic model and real desalination plant, and 
keep MSF plant stable, ensuring the desired performance 
even under high levels of disturbances and noises. Some 
concepts are firstly introduced before realizing the robust 
controller.

3.1. Coprime factor uncertainty of MSF system

The nominal process model in the MSF plant is described 
using the left coprime factorization (LCF) [21]:

G s M s N s( ) ( ) ( )= −1 	 (17)

where M s N s H( ), ( )∈ℜ ∞ (i.e., proper and stable) are coprime 
factor matrices.

The uncertainty description of CFU is based on additive 
perturbations to the LCF. From the nominal system with no 
uncertainty in Eq. (17), two uncertainty blocks are added 
to form uncertain dynamical plant as depicted inside the 
dashed rectangle in Fig. 3. In this structure, the uncertainty 
blocks ∆ enter and exit from the same position, and in turn 
they can be combined to form a full perturbation block. The 
CFU description is general and has distinct advantages over 
the other approaches that it is possible to represent a greater 
variety of the system uncertainty without prior information. 
This uncertainty captures both low and high-frequency per-
turbations in the model. Indeed, the uncertainty blocks ∆ 
account for both unmodeled dynamics and physical parame-
ter variations in the MSF system.

From the block diagram of CFU in Fig. 3, the real desali-
nation system with uncertainty (or the perturbed system) is 
now expressed by:

G M Np s M s N N M= + + −  ≤ =−

∞

−( ) ( ),∆ ∆ ∆ ∆1 1ε γ 	 (18)

where e is the stability margin and g is the optimal cost, with 
Ms, Ns, ∆M and ∆N ∈ℜ ∞H .

According to small gain theorem, the closed-loop system 
will remain stable if:

∆ ∆ ∆
∞ ∞
= −  ≤N M ε 	 (19)

Table 1
The parameter variations in the MSF process model

Parameters Min values Nominal values Max values
k11 21.6 54 86.4
k21 –131.2 –82 –32.8
k22 216.4 541 865.6
tn11 8.128 20.32 32.512
tn12 9.952 24.88 39.808
t111 7.32 18.3 29.28
t112 2.88 7.2 11.52
t121 3.432 8.58 13.728
t122 3.384 8.46 13.536
Td 0.012 0.03 0.048
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In turn, the stability margin e can be calculated by:

ε ρ= −{ } = +
−

1 1
2 1 2 1

2N M XZ
Hs s

/

( ( )) 	 (20)

where ⋅H denotes the Hankel norm and ρ denotes the 
spectral radius. For a minimal state-space realization (A, B, C, 
D) of the system, then G, Z and X are the unique positive defi-
nite solutions of the following algebraic Riccati equations:

( ) ( )A BS D C Z Z A BS D C
ZC R CZ BS B

T T T

T T

− + −

− + =

− −

− −

1 1

1 1 0
	 (21)

( ) ( )A BS D C X X A BS D C
XBS B X C R C

T T T

T T

− + −

− + =

− −

− −

1 1

1 1 0
	 (22)

with R = I + DDT and S = I + DTD.

It is noted that ε is the indicator of the robustness level 
of the complete control system. Various practical implemen-
tations show that ε > 0.25 is acceptable for robustness against 
uncertainty.

3.2. Loop-shaping technique

In the robust control paradigm, the control objective is 
to stabilize the set of perturbed plant Gp using a feedback 
controller K with a maximum amount of CFU (or the sta-
bility margin e). Loop-shaping technique allows the system 
designer to specify closed-loop objectives by shaping the 
open-loop gains. Using two compensators W1 and W2 as 
depicted in Fig. 4, the original system G(s) is shaped by:

G s W s G s W s M Nss s( ) ( ) ( ) ( )= = −
2 1

1 	 (23)

where W2 is the identity matrix and W1 is a diagonal matrix. 
In this setup they are used to shape the frequency response 
of the original MSF model and to specify the closed-loop 
behaviors.

Typically, the open-loop gains have to be large at low 
frequencies for good disturbance rejection at both input and 
output of the plant, and small at high frequencies for noise 
rejection. Besides, the desired open-loop shapes are chosen as 
approximately –20 dB/decade roll-off around the crossover 
frequency to realize desired robust stability and transient 
response.

3.3. The 2-DOF H∞ loop-shaping controller for MSF system

In this paper, a dynamic 2-DOF controller has been pro-
posed using the approach of Hoyle et al. [22] to satisfy both 
robustness and performance requirements. As depicted by 
the control scheme in Fig. 3, the 2-DOF controller includes 
the feedback part K2 and the pre-compensator K1. The former 
satisfies the requirements of internal and robust stability, dis-
turbance rejection and measurement noise attenuation; and 
the latter optimizes the response of the overall system to the 
command input such that the output of the system would be 
close to that of a chosen ideal system Tr. The purpose of the 
pre-compensator K1 is to ensure that:

T T− ≤
∞

−
r γλ 2 	 (24)

where the actual closed-loop transfer function between input 
and output is given as:

T I G K G K= − −( )s s2 1
1 	 (25)

and the parameter l is used to weigh the relative importance 
of robust stability as compared with the model-matching in 
the design optimization.

Rearranging the control system shown in Fig. 3 leads to 
the general feedback control structure as illustrated in Fig. 5. 
There are three main components in this H∞ control frame-
work, in which P(s) is generalized plant, K denotes the 2-DOF 
controller, and ∆ = [∆N–∆M] represents the uncertainty matrix.

According to Figs. 3 and 5, the generalized plant P(s) is 
further written as:

Fig. 3. 2-DOF control configuration with coprime factor 
uncertainty.

Fig. 4. Block diagram for the loop-shaping plant.

Fig. 5. General feedback interconnection for LFT setup.
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where w
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The robustness criteria are based on small gain theory 
and m-synthesis [21]. Therefore, it is necessary to connect 
the generalized plant P(s) with the controller K to create N-Δ 
structure so that m-synthesis can be applied to this MSF plant.  
The control connection uses lower LFT, which is described by:
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where 

F P K N

K I G K M I K G K
I G K M I G

L

s s s

s s

( , )

( ) ( )
( ) (

=

=
− −
− −

− − −

− −
2 2

1 1
2

1
1

2
1 1

λ
λ ss s

s s s s r

K G K
I G K M I G K G K T

N
2

1
1

2
1 1 2

2
1

1

1)
( ) ( )

−

− − −− − −
















=

λ λ

11 12

21 22

N
N N












 
	 (28)

It is worth noting that the norm minimization of N may 
ensure both good model-matching and robust stability. The 
m-synthesis with applying the small gain theorem leads to  
the condition that if N11 ∞

≤ γ , then the closed-loop system 
will remain stable for all ∆ such that ∆

∞

−≤ =γ ε1 . More spe-
cifically, according to Hoyle et al. [22] and Farlane and Glover 
[23], it turns out that the MSF is robustly stable if a controller 
is applied to satisfy the following condition:
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Then it is noted that K2 can be calculated by:
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where

F S D C B XT T= − +−1( )	 (31)

L I XZ= +( )1 2− γ 	 (32)

Finally, it turns out that the 2-DOF H∞ loop-shaping 
controller for the perturbed plant Gp is derived as:

K K W K W=  1 1 2 2 	 (33) 

3.4. Reduced-order controller

In general, the high-order controller is hard to be imple-
mented practically, and it often causes time delays for the 
controlled system. Therefore, in this study, the synthesized 
controller with 15-orders is reduced to a valid low-order that 
achieves the equivalent levels of performance and robust-
ness. By applying optimal Hankel norm approximation, a 
6-order controller is attained that only has slight differences 
in the frequency and closed-loop time responses, comparing 
to the full-order controller. The further reduction of the con-
troller order leads to severe deterioration of the closed-loop 
responses and would even cause the instability. Therefore, it 
is still safe to use the 6-order controller for the MSF process 
instead of the full-order controller.

4. Simulation setup
In this simulation, the mismatches between the MSF 

model and the real system are expressed by the parameter 
variations of the transfer function G(s) as shown in Table 1. 
Beside the set of parametric uncertainty, the system designers 
also introduce random disturbances at the system outputs 
and noise signals in the closed-loop system to verify control-
ler’s performance. The closed-loop system has been tested 
for robust stability and performance under given simulation 
conditions.

In the research of Woldai et al. [15], the parameters of PID 
controller need to be redesigned in six different operation 
conditions as summarized in Table 2. These operation points 
represent some different performance ratios. Therefore, they 
have to setup a parameter scheduling law so that the PID con-
troller can run online. This kind of law is inconvenient, and 
the variations of controlled variables are obviously not fixed 
at some values. In this paper, the set-points for controlled 
variables are set using six conditions as proposed by Woldai 
et al. [15] for a better comparison. The controller should track 
new set-points without changing any control parameter.

For the sake of clarity, the system designers choose three 
models to represent the set of the perturbed system: the 
nominal model with nominal parameters, the minimum and 
maximum models with minimum and maximum parameters 
in Table 1, respectively.

The design criteria of the closed-loop system are selected 
as follows:

•	 The stability margin e > 0.5.
•	 The effects of external disturbance and measurement 

noises are reduced at least 50%.

Table 2
Test conditions for control performance

Cases TBT (°C) FRB (t/h)

1 95 14,420
2 100 14,420
3 105 14,420
4 105 11,500
5 105 12,500
6 105 13,500
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•	 The transient responses have settling times less than 
1.5 min, less than 10% overshoot, and zero steady state 
errors.

The compensators W1 and W2 that enable the designer to 
achieve the desired loop shape in Eq. (23) are calculated as 
follows:
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And the reference system is selected as:
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where the damping ratios (0.707 and 1, respectively) for 
the second-order responses have been chosen to meet the 
time-domain design criteria (e.g., rise time, maximum over-
shoot, settling time).

5. Test results and discussions

The frequency response (or singular value plot) is shown 
in Fig. 6 for the shaped loop and original model. It can be 
observed that the shaped loop has high gain at low frequency 
and low gain at high frequency as desired. These slopes are 
necessary to guarantee the disturbance and noise attenua-
tions for the given frequency ranges. In the case of the orig-
inal loop, the responses in the first channel will be deeply 
affected by disturbance because its slope is zero at low fre-
quencies. The second channel will fluctuate in the same mag-
nitude of disturbance and noise since there is no slope in its 
frequency response.

Based on the shaped loop, the 2-DOF H∞ loop-shaping 
controller is synthesized using Eqs. (17)–(33). The achieved 
value of e is 0.6 which indicates good stability gain and 60% 
of CFU is allowed. Thus, the designed controller can deal 
with parameters variations (Table 1) up to 60%.

The dynamic responses of the MSF system are divided 
into two channels: the first is from steam-flow-control valve 
position uST to top brine temperature TBT and the second is 
from recycle-brine-flow-control valve position uRB to recycle 
brine flow rate FRB. Fig. 7 shows that the outputs can track 
new set-points of 6 different testing cases in a short rising 
time of less than 1 minute with slight overshoot in the first 
channel and no overshoot in the second. This result is imper-
ative since high overshoots can bring the TBT and FRB out of 
safe zones and may cause fouling, erosion or certain faults. 
Furthermore, there is almost no difference between the 

Fig. 6. Frequency responses for shaped loop and original loop.

Fig. 7. Transient responses of the closed-loop system with 2-DOF 
H∞ loop-shaping controller. (a) response in the first channel: from 
steam-flow-control valve position to top brine temperature; (b) 
response in the second channel: from recycle-brine-flow-control 
valve position to recycle brine flow.
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responses of the nominal, minimum and maximum model. 
It proves that the achieved controller successfully overcomes 
the parameter uncertainties in MSF model plant, and it can 
keep the system in proper operation conditions. In compar-
ison with other controllers such as PID controller presented 
by Chidambaram et al. [24] and MPC controller by Ali et al. 
[5], one can conclude that the proposed robust controller 
offers better performance on water quality even under severe 
uncertainties.

Figs. 8(a) and (b) shows the ability of disturbances atten-
uation for the robust controller. Recall that the disturbances 
can be the causes of biofouling, scale formation, actuator 
fault, changing in steam or feed temperature, feed water 
salinity, etc. In this study, the random disturbances have been 
applied in addition to reference inputs for real operations. 
As illustrated in those figures, the external disturbances are 
really attenuated. Specifically, a disturbance of 18 in magni-
tude starting at 20th min only causes a change of 2 in the TBT 

and there are also very slight fluctuations in FRB. It means at 
least 84% of disturbance is effectively eliminated. It is also 
worth to note that the fluctuations occur in a very short time. 
Along with this ability, the transient response without over-
shoot help to keep FRB constant at some operation values and 
prevent carry-over of brine into the distillate or blow through 
the inter-stage orifices.

In practice, the external disturbances are often low-fre-
quency signals, whereas the noises are often high-frequency 
signals. Noise is generally unavoidable and can cause some 
errors to the complete system. Therefore, it is crucial to 
eliminate noise effects on MSF plants for water monitoring. 
Input references with sensor noises have been applied into 
two channels. Figs. 8(c) and (d) shows the noise attenua-
tion ability of the achieved controller at the high-frequency 
range. The time responses are scaled in ten minutes for bet-
ter visualization. It can be observed that 90% of noises in the 
first channel and 80% in the second channel are successfully 

Fig. 8. System responses due to disturbances and noises with 2-DOF H∞ loop-shaping controller. (a) disturbance response in the 
first channel; (b) disturbance response in the second channel; (c) noise response in the first channel; (d) noise response in the second 
channel.
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eliminated. From the magnitudes of noises and the changes 
in responses, one can conclude that the desalination system 
with the robust controller is unsusceptible to noises.

The performance of PID controller has been illustrated 
in Fig. 9 for comparison purposes. In Fig. 9(a), high over-
shoots and large differences between three models have been 
occurred in the first channel, under external disturbances. 
In the second channel, the FRB is severely affected by noises 
(Fig.  9(b)). From these comparisons, it proves that the pro-
posed robust controller is more effective than others reported 
in the desalination processes.

Finally, the proposed robust controller satisfies all the 
design requirements and demonstrates notable performances 
on the water qualities under the influence of unavoidable 
uncertainties, with overcoming the limitations of some con-
ventional controllers.

6. Conclusions

The water desalination process is a highly complex 
dynamical system with some variables which are cou-
pled and changing with time. Moreover, the parameter 

uncertainty, disturbance, and sensor noise make it difficult 
to control the MSF desalination plants at optimum condi-
tions. In this paper, the 2-DOF H∞ loop-shaping controller 
with reduced-order has been successfully designed to cope 
with these difficulties for MSF plant operations. By using 
CFU description, the parametric uncertainty can be modeled 
in a general form, which captures both unmodeled dynam-
ics and physical parameter variations. Through the Hankel-
norm approximation, the reduced 6-order control scheme 
offers computationally efficient algorithms for monitoring 
the MSF desalination plants. Simulation results show that 
the rise times of the controlled system are always less than 
1 s. The robust controller can attenuate at least 84% of dis-
turbances and 80% of noises, and deal with 60% of param-
eter variations, satisfying the performance requirements on 
water quality and energy consumption. In other words, the 
controller can keep the top brine temperature and recycle 
brine flow rate of MSF process to the desired values even 
under various uncertainties. When the controlled variables 
can be handled easily in their limits, the system designers can 
choose the performance ratio freely. This result also leads to 
robust design and operations for the MSF system by prevent-
ing of fouling and erosion as well as maintenance/repair free. 
Consequently, it will help increase water productivity and 
prolong the life of the desalination plants, guaranteeing ener-
gy-efficient method with lowering water product costs. Since 
the proposed controller has high robustness against uncer-
tainties and disturbances, this method can be effectively used 
for monitoring the MSF desalination plants.

Abbreviations

CFU	 —	 Coprime factor uncertainty
DOF	 —	 Degree of freedom
LCF	 —	 Left coprime factorization
MPC	 —	 Model predictive controller
MSF	 —	 Multi-stage flash
PID	 —	 Proportional integral derivative

Symbols

A	 —	 Heat exchange area
B	 —	 Recycle brine flow rate
C	 —	 Specific heat capacity
D	 —	 Distillate flow rate
e	 —	 Scaled output
F	 —	 Flow rate in condenser tubes
FL	 —	 Flow rate in condenser tubes
FRB	 —	 Recycle brine flow rate
G	 —	 Nominal system
Gp	 —	 Perturbed plant
Gs	 —	 Shaped plant
H	 —	 Enthanpy
H∞	 —	 Robust control
k	 —	 Process gain
K	 —	 Controller
M	 —	 Mass hold-up of Brine in water box
Ms, Ns	 —	 Normalized coprime factors
N	 —	 Controlled system
P	 —	 Generalized plant
Q	 —	 Heat

Fig. 9. The control performance of PID control scheme. (a) 
response due to disturbances in the first channel; (b) response 
due to noises in the second channel.
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R	 —	 Reference input
S	 —	 Laplace variable
t	 —	 Time constant
T	 —	 Closed-loop transfer function, temperature
Td	 —	 Time delay
Tr	 —	 Ideal system
TBT	 —	 Top brine temperature
U	 —	 Internal energy, input
V	 —	 Vapor flow
W	 —	 Compensator
X	 —	 Concentration

Greek

γ	 —	 Optimal cost
ε	 —	 Stability gain margin
ΔM, ΔN	 —	 Uncertainty blocks
ρ	 —	 Spectral radius   
λ	 —	 Scale factor

Subscripts

11	 —	 From first input to first output
12	 —	 From second input to first output
111	 —	 First factor from first input to first output
112	 —	� Second factor from first input to first output
121	 —	� First factor from second input to first output
122	 —	 Second factor from second input to first output
B	 —	 Brine
D	 —	 Distillate
F	 —	 Flow
H	 —	 Brine heater
in	 —	 Input
n	 —	 Numerator
out	 —	 Output
RB	 —	 Recycle brine
T	 —	 Tubes
V	 —	 Vapor
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