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Abstract

Real time pressure control is a common technique adopted to face the problem of leakage reduction in water distribution networks.
Recently, in the context of Water 4.0, the spread of wired water distribution networks has opened new possibilities in terms of
sensing and communication, resulting in the possibility of adopting higher sampling rates and consequently higher closed-loop
bandwidths for the control system. While this could be exploited to improve the performance, it has also drawn the attention of
the fundamental question of closed-loop stability, which was seldom considered in a systematic way, especially in the hydraulic
community. This works aims to combine some recent results in term of design of frequency domain controllers with a gain
scheduling approach, to account and compensate for the main nonlinearities affecting the system under control, and to preserve
stability and robustness of the closed-loop in a wide operating region. The approach is validated by means of simulated experiments
performed on a detailed dynamic model of the water distribution network. In addition, the gain scheduling approach can improve
the overall performance of the control scheme and allows avoiding heavy retuning of the regulator when applied to the nonlinear
system.
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1. Introduction1

Real Time Control (RTC) of service pressure plays a fun-2

damental role in the context of Water Distribution Networks3

(WDNs) management, allowing for leakage reduction [1, 2],4

pipe burst abatement [3, 4, 2] and overall infrastructure life ex-5

tension. The WDN is first subdivided in homogeneous pressure6

zones [5]. On this basis, hierarchical control schemes are devel-7

oped, with high-level optimal controllers defining the pressure8

setpoints for the different pressure zones, according to an eco-9

nomic cost-benefit evaluation over the whole network, and RTC10

controllers working as low-level controllers to ensure regula-11

tion to the assigned setpoint [6, 7, 8, 9, 10, 11, 12]. Recently,12

the spread of wired water distribution networks, promoted by13

the Water 4.0 approach, is attracting new interest on the design14

of low level controllers. In fact, in wired WDNs, sensors and15

actuators are connected by wire to control units: this allows de-16

veloping new control approaches working with high sampling17

rates. Some recent works [13, 14, 15] try to investigate this18

approach and compare it to more traditional control strategies19

[16, 17, 18, 19, 20], to understand how to exploit the new com-20

munication possibilities at best. The design of such control al-21

gorithms results particularly challenging, due to the complexity22

of the nonlinear system under control, and the topic of guar-23

anteed closed-loop stability, which was previously disregarded24

by the hydraulic community, is getting more and more attention25

[21, 22, 23]. In particular, [13] and [15] propose a model-based26

frequency domain approach, with regulators based on a linear,27
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local model of the system dynamics around the working point. 28

The issue of stability is faced by providing robustness margins 29

against gain and phase variations. [21] further investigates the 30

problem of stability, and demonstrates that a poor description of 31

the high frequency behaviour of the system, together with the 32

strong gain nonlinearity affecting the Pressure Control Valves 33

(PCVs) exploited as actuators, may result in highly overesti- 34

mated robustness margins and, eventually, in closed-loop insta- 35

bility as the process moves from its nominal working point. The 36

aim of this paper is to improve the design methodology origi- 37

nally developed in [13], to explicitly account and compensate 38

for the main static nonlinearities characterising the process un- 39

der control. This is achieved by means of a proper choice of 40

the control variable (inspired by [24]), a nonlinearity inversion 41

block, and a gain scheduling approach. The gain scheduling 42

policy is further extended to better manage the regulation error 43

vs cost of control trade-off at different operating points of the 44

system. The correctness of the approach is verified by means of 45

closed-loop simulations, performed on a detailed model of two 46

different WDN topologies and different user demand scenarios. 47

This paper is organised as follows: § 2 describes the differ- 48

ent case studies adopted for simulations while § 3 reports the 49

details of their numerical modelling; § 4 discusses the control 50

methodology and § 5 its application to the case studies. Finally, 51

a detailed discussion of the results, including a comparison with 52

similar algorithms, is given in § 6, while the conclusions are re- 53

ported in § 6. 54
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Figure 1: Case Study A: topology of the water distribution system [13].
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Figure 2: Case Study A: source pressure and demand profile.

2. Case studies55

The control algorithms developed in this work are tested over56

two different WDN topologies, characterised by very different57

dynamic behaviours. For sake of comparison, reference is made58

to the same case studies adopted in [13, 21], which can be con-59

sulted for further details. For both case studies, the control goal60

is the regulation to the setpoint of the measured pressure at the61

critical node, in presence of process disturbances generated by62

the time varying users’ demand and, for Case Study B only,63

time-varying source pressure head. Moreover, the performance64

of the control algorithms are evaluated by means of the same65

performance metrics adopted in [13, 21] and summarised in the66

following of this paper.67

Case Study A, depicted in Figure 1, consists of a simple wa-68

ter distribution system, with a single source node, connected to69

a single demanding node by means of a pipe. No leakage is70

considered in this system.71

The time behaviours of source pressure head and demand are72

depicted in Figure 2. In addition, to stress the robustness of73

regulation, simulations are repeated introducing different off-74

sets in the demand profile. The offsets range in the interval75

[−0.03; 0.05] [m3/s], to account for possible seasonal variation76

of the deamand.77

Case Study B, depicted in Figure 3, is represented by the78

skeletonized WDN of the Italian town of Castelfranco Emilia79

(about 30,000 inhabitants). A leakage percentage of 20% is80

considered in this system. Two different demand patterns are81

considered for this case study, leading to two different trends of82

Figure 3: Case Study B: topology of the WDN [24].
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Figure 4: Case Study B: source pressure and demand profiles.

the total WDN demand (see Figure 4): a flatter trend (profile A) 83

and a more peaked trend (profile B), with the aim of stressing 84

more the robustness of regulation. Note that demand profiles 85

A and B share the same average values for each single demand 86

profile. The source pressure head profile is reported in Figure 4 87

as well. 88

In both cases, nodal demands are generated at the temporal 89

scale of 1 s, making use of statistic models for demand pulse 90

generation [25]. Additionally, the speed of both PCVs is lim- 91

ited, for safety reasons, to 0.01 s−1 for Case Study A and to 92

0.0033 s−1 for Case Study B. 93

3. Numerical model 94

Unsteady flow modelling [25, 26] allows a proper analysis 95

of the hydraulic transients due to rapid nodal demand and/or 96

valve setting variations, and is therefore adopted in this work to 97

develop a simulated environment for the WDNs considered as 98

case studies. 99

For a generic pipe of a WDN, the one-dimensional unsteady
flow equations take the form:

∂hp

∂x + 1
gA

∂Qp

∂t + Jp = 0
∂hp

∂t + c2

gA
∂Qp

∂x +
c2q
gA = 0

(1)
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where hp [m] and Qp [m3/s] are the pressure head and the flow100

discharge along the pipe, x [m] is the position along the pipe,101

t [s] is time, A [m2] is the pipe cross-section area, g [m/s2] is102

the gravity acceleration constant, c [m/s] is the wave celerity,103

q [m2/s] is the leakage outflow per unit of length, Jp is the104

friction slope.105

The wave celerity c can be related to physical quantities of
water and of the pipe as follows:

c =

 ε
ζ

1 + εd
Es


1
2

(2)

where ε [Pa] and ζ [kg/m3] are water bulk modulus and106

density; E [Pa], d [m] and s [m] are pipe modulus of elasticity,107

diameter and thickness.108

109

Pipe friction slope can be computed as:

Jp = 10.29
n2|Qp|Qp

d5.33 (3)

where n [s/m
1
3 ] is the Gauckler–Manning coefficient.110

To improve the accuracy of the model, a pressure-driven ap-111

proach is adopted, as described in [27], and pipe friction slopes112

increased using the correction proposed by Pezzinga in [28], to113

account for the unsteady flow effects on pipe friction slopes.114

Finally, the presence of leakage from WDN pipes is consid-
ered by means of the following outflow q:

q = αleakhγp (4)

where αleak [m/s] and γ [−] are the leakage coefficient and115

exponent, respectively. As for leakage evaluation, exponent116

γ is set to 1, typical value for plastic pipes [29]. Coefficient117

αleak [−] is set to 0 and 9.4 10−9m/s to obtain a leakage118

percentage rate of 0% and 20%, in the two case studies,119

respectively.120

121

The effect of the control valve is modelled by considering no
link at the valve site and setting nodal inflow at the upstream
end at:

Qup =

√
2g
ξ(α)

A
√

∆Hvalve (5)

and the inflow at the downstream end is set, instead, to:

Qdown = Qup (6)

where A [m2] is the valve cross-section area, g [m/s2] is the122

gravity acceleration constant, ξ is the valve head loss coeffi-123

cient, ∆Hvalve is the head drop in the valve and α is the valve124

closure setting, ranging from 0 (fully open) to 1 (fully closed).125

The valve head loss coefficient is a growing function of α. This126

function is typically made available by the valve manufacturer.127

Realistic measurement noises nh(t) and nq(t) are present, act-128

ing respectively on the pressure h(t), and on the flow at the valve129

site Q(t) .130

3.1. Model implementation 131

In the model implementation, unsteady flow equations are
solved by relying on the method of the characteristics [26].
Network pipes are discretised with spatial steps ∆x, and the hy-
draulic variables of interest computed at each time integration
step ∆t. Note that ∆x and ∆t must fulfil the Courant condition
[26]:

c
∆t
∆x
≤ 1 (7)

The discretised unsteady flow equations are coupled with the 132

continuity equation, applied to each node of the WDN. At each 133

integration time step, suitable boundary conditions are assigned 134

in correspondence to source and demanding nodes, where fixed 135

total pressure head and demands are prescribed, respectively. 136

In case of the pressure control valve, given the valve closure α, 137

boundary conditions for the upstream and downstream pipes, 138

Qup and Qdown respectively, are computed by solving a system 139

of equations composed of the valve equation (5), the valve con- 140

tinuity equation (6), the positive characteristic line related to the 141

last section of the upstream pipe, and the negative characteris- 142

tic line related the first section of the downstream pipe. This 143

approach demonstrated to be robust and provide very similar 144

results when compared to modelling methodologies based on 145

localised head loss and equivalent roughness coefficients. 146

4. Control algorithm design methodology 147

This section is devoted to the description of the control algo- 148

rithm design methodology. In particular, the design consists of 149

three main phases: 150

• Nominal design of the regulator. 151

• Definition of a gain scheduling policy to compensate for 152

process gain nonlinearities. 153

• Definition of an additional gain scheduling policy to bal- 154

ance between cost of control and regulation error at differ- 155

ent working points. 156

Each step of the procedure is described in detail in the fol- 157

lowing subsections. 158

4.1. Nominal design 159

The first phase of the procedure is the design of a regulator 160

around the nominal working point (WP) of the system. The 161

nominal design takes advantage of the considerations reported 162

in [13, 21], and is based on the following steps: 163

• Definition of the nominal WP of the system. 164

• Identification of a linear, local model of high order to ac- 165

curately describe the dynamics of the system [21]. 166

• Design of a Filtered Proportional-Integral (FPI) regulator 167

with Smith predictor (SP) for process delay compensation 168

[13]. 169
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Figure 5: The local loss coefficient ξ as function of the valve closure α.

4.1.1. Working point170

The nominal WP of the system can be found experimen-171

tally by means of simulations. For both case studies, the curve172

ξ(α(t)) introduced in § 3 is known and invertible. It is then pos-173

sible to consider the Multi-Input Multi-Output (MIMO) system174

with the following input signals:175

• ξ(α(t)), the local loss coefficient, function of the valve clo-176

sure ([−]).177

• H(t), the source pressure head ([m]).178

• Di(t), the water demand ([m3/s]) at node i.179

The outputs are180

• h(t), the pressure measured at the desired node of the181

WDN ([m]).182

• Q(t) the flow measured at the valve site ([m3/s]).183

Let ξ(α(t)) be control variable, H(t) and Di(t) be stochastic dis-
turbances acting on the process. Figure 2 shows the profile of
D(t) adopted for simulations with Case Study A. Figure 4 shows
instead the profiles for Case Study B, with D(t) representing the
overall demand of the WDN, i.e.:

D(t) =

Nnodes∑
i=1

Di(t) (8)

where Nnodes is the number of demanding nodes in the WDN.184

The average values of typical H(t) and Di(t) profiles are con-185

sidered as input to the system for the definition of the WP. Note186

that this information is usually available to the WDN manager.187

Under these assumptions, simulations allow definition of the188

value of ξ resulting in the desired pressure hsp. Let the tuple189

WPA = (ξ,H,D, h,Q) represent the working point for Case190

Study A, and the tuple WPB = (ξ,H,D1, ...,DNnodes , h,Q)191

represent the working point for Case Study B.192

193

Remark: the choice of ξ(α(t)) as control variable, opposed194

to α(t), is motivated by the strong nonlinearity of the ξ(α(t))195

curve. An example, related to case Study A, is reported in Fig-196

ure 5 . As underlined in [21], when the system moves far away197
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Figure 6: Case Study A. Bode diagrams of Ga(s) obtained around various WPs
characterised by demand Q = 0.07 m3/s (blue dotted line), Q = 0.1 m3/s (or-
ange solid line), Q = 0.13 m3/s (yellow dashed line), Q = 0.15 m3/s (violet
solid line), with source pressure H = 50 m.

from its nominal WP, with α ≈ 1 in particular, the increase 198

in the process gain can exceed the robustness margin associ- 199

ated with the control design, therefore resulting in instability of 200

the closed-loop system. To overcome this problem, since the 201

ξ(α(t)) curve is typically available and invertible, it is possible 202

to exploit ξ(α(t)) as control variable and introduce a nonlinear- 203

ity inversion block in the loop to compute, instant by instant, 204

the value of α(t) resulting in the desired ξ(α(t)). Such value of 205

α(t) can be used to control the PCV. 206

4.1.2. Dynamic models 207

The synthesis of regulators is based on a linear dynamic 208

model relating ξ(α(t)) to the pressure h(t). Such model which 209

can be obtained by applying black-box identification to simu- 210

lated step response data collected from the simulator. In partic- 211

ular, a preliminary study [21] suggests that standard low order 212

models do not allow a proper description of the high frequency 213

behaviour of the system, which is characterised by multiple res- 214

onance peaks associated with low value of damping. In view of 215

this consideration, a 9th order transfer function with delay is 216

used to describe the dynamics of the system around the equi- 217

librium. Let this model be denoted in general as G(s), with s 218

the Laplace variable. Let also Ga(s) and Gb(s) be the models 219

for Case Study A and B, respectively. The identification phase 220

is set-up as follows: first, the system is brought to its nominal 221

WP, then a step variation of ξ is applied to the system and the 222

variation signals δξ(t) = ξ(t)−ξ and δh(t) = h(t)−h constructed 223

as input-output data. Matlab Identification Toolbox [30] can be 224

used to estimate the parameters of G(s), to provide the best fit 225

between model prediction and identification data. Finally, the 226

model prediction is compared against new simulations of step 227

responses of the WDN. Examples of G(s) (from Case Study A) 228

are reported in Figure 6. 229

The transfer function G(s) allows both tuning the regulator 230

transfer function and developing a Smith predictor for delay 231

compensation, as described in the following subsection. 232
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Figure 7: Control scheme with Smith predictor for the linearised design frame-
work.

4.1.3. Control design233

The main goal is regulation to the setpoint hsp of the pressure234

h(t), in presence of process disturbances generated by the effect235

of exogenous inputs H(t) and Di(t). In this situation, reference236

can be made to a Single-Input Single-Output (SISO) system,237

whose behaviour around the working point is described by G(s).238

A Smith Predictor is first introduced to compensate for the
effect of the pure delay present in G(s). In particular, let

G(s) = G′(s)e−sτ (9)

where G′(s) is the rational part of the transfer function. Then,
with reference to the control scheme in Figure 7, it is possible
to neglect the presence of the pure delay e−sτ in the design of
the regulator transfer function R(s) when

P(s) = (1 − e−sτ)G′(s) (10)

The effect of the scheme is to obtain a feedback with a predic-239

tion δĥ(t) = δh(t + τ) of the controlled variable δh(t).240

Regulators are then synthesised requiring the closed-loop
bandwidth to be the largest possible, while providing at the
same time attenuation of high frequency resonance peaks of
G(s) and robustness to gain and phase variations. A static pre-
cision requirement is also present. To this end, A PI regulator
with an additional low-pass filter proved to be an effective de-
sign tool [13]. Let Rpi(s) be the PI transfer function, as reported
in (11).

Rpi(s) = µr
1 + sTi

s
= Ki

1 + s Kp

Ki

s
(11)

with Kp the proportional gain, Ki the integral gain and Ti =

Kp/Ki the integral time constant. The static gain of the transfer
function µr coincides with Ki.
Let then R f (s) be the filter transfer function, as reported in (12).

R f (s) =
(1 + sTd)
(1 + sT f )

(12)

Finally, the overall regulator transfer function R(s) is given in
(13).

R(s) = R f (s)Rpi(s) (13)

Note that R f (s) has unitary static gain, so that µr coincides241

with the gain of the overall regulator.242

243

The presence of the filter is motivated by the need to atten-
uate the high frequency resonance peaks of G(s). Let ωrp be
the angular frequency associated to the resonance peak of G(s)
located at the lowest frequency. Then, a possibility is to set:

Td =
1
5

1
ωrp

T f = 20Td (14)

As far as Rpi is concerned, let Tp be the time constant associated
to the lowest frequency pole of G(s) with null imaginary part.
One can then set:

Ti = Tp µr =
ωc

µg
(15)

where ωc is the desired closed-loop bandwidth expressed in 244

rad/s. 245

At this point, ωc is the only free design parameter, and must 246

be chosen so that ωc < ωrp and to provide robustness margins 247

against gain and phase uncertainties. Note that, in case 1
T f
< ωc, 248

the effective closed-loop bandwidth is going to be smaller than 249

required due to the effect of the pole associated with time con- 250

stant T f . Finally, nominal stability of the closed-loop must be 251

proved, e.g. by means of Bode criterion [31]. 252

The rationale behind this tuning procedure is to obtain a loop 253

function L(s) = G(s)R(s) characterised by the largest closed- 254

loop bandwidth possible and de-amplified high frequency res- 255

onance peaks from G(s). As discussed in [21], this shaping of 256

the loop function allows both improving the robustness of the 257

design and reduction of the control sensitivity outside of the 258

closed-loop bandwidth, thus resulting in a reduced cost of con- 259

trol associated with pressure regulation. 260

Note that the control action is characterised by a saturation, 261

since the valve closure α ranges in the interval [0; 1], or, more 262

in general in the interval [αmin;αmax], with 0 ≤ αmin < αmax < 263

1]. To cope with this saturation, it is necessary to introduce an 264

antiwindup implementation of Rpi(s), which features an integral 265

action, as described more in detail in § 4.3.2. 266

The regulator is finally implemented in a discrete-time way, 267

by exploiting the full capability of the measurement system in 268

terms of sampling time, which results in Ts = 1 s. Discreti- 269

sation is performed with Tustin method to guarantee that the 270

stability is preserved (all asymptotically stable/stable continu- 271

ous time poles are respectively mapped into asymptotically sta- 272

ble/stable discrete time poles). 273

4.2. Gain scheduling policy 274

This Section discusses two different gain scheduling policies 275

which can be introduced in the control design to improve its 276

robustness against process nonlinearity and improve its overall 277

performance. 278

4.2.1. Gain scheduling for nonlinearity compensation 279

Once a nominal design of the regulator is available, a gain
scheduling policy can be introduced to account for a further
gain nonlinearity affecting the process. In particular, Equation
(5) shows a dependence of the pressure loss induced by the
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Figure 8: Absolute value of the gain of the linearised system µg as function of
the flow Q.

valve on the flow through the valve itself Q. It is fact possi-
ble to write:

∆Hvalve =
Q2√
2gA

ξ(α) (16)

Moreover, Equation (16) shows a dependence on Q2. The
presence of this nonlinearity can also be demonstrated by re-
peating the model identification procedure around different
WPs, characterised by different valve flow values. Figure 8 de-
picts the absolute value of the process gain as function of the
flow and highlights the quadratic dependence. The same proce-
dure was applied to obtain the Bode diagrams depicted in Fig-
ure 6. To compensate for this effect, the regulator gain can be
adjusted to maintain the desired closed-loop bandwidth when
the process moves far away from the nominal flow associated
to the nominal flow Q. This can be obtain by computing, at each
time instant, µgsq

r (t), the adapted regulator gain, as follows:

µ
gsq
r (t) = µr

 Q
Q(t)

2

(17)

Similarly, the Smith Predictor can be adjusted by setting, at
each time instant, the gain of G′(s) as follows:

µ
gsq
g (t) = µg

(
Q(t)

Q

)2

(18)

Note that, as discussed more in detail in the following of this280

work, the value of the pure delay affecting the process is re-281

lated to the topology of the WDN and to the celerity of pressure282

waves, which do not depend on the WP. No adaptation strategy283

for the time delay is therefore introduced in the Smith predictor.284

In the following of this work, let refer to this gain scheduling285

policy as GS − Q.286

Figure 9 shows the Bode diagrams of the transfer functions287

reported to the nominal gain by the application of GS − Q.288

Note that the variations in static gain due to the different flow289

values is correctly compensated. Also note that the damping of290

the resonance peaks is higher at higher values of the flow. This291

is consistent with the fact that energy loss per unit of length292

also increases as the flow increases [26, 28].293

294
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Figure 9: Case Study A. Bode diagrams of Ga(s) obtained around various WPs,
adjusted with the GS − Q gain scheduling policy. WPs are characterised by
demand Q = 0.07 m3/s (blue dotted line), Q = 0.1 m3/s (orange solid line),
Q = 0.13 m3/s (yellow dashed line),Q = 0.15 m3/s (violet solid line), with
source pressure H = 50 m.
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Figure 10: Example of gain scheduling policy GS − α with α∗ = 0.55, µ∗ratio =

0.1 and p = 4.

Remark: the control approach based on ξ as control variable, 295

associated with the GS − Q policy, aims to maintain the ro- 296

bustness margins unchanged during the operations. However, 297

the ξ(α) curve is typically derived experimentally by manufac- 298

turers, and can be affected by uncertainty. In addition, some 299

hysteresis may be present in the operation of PRC valves. It 300

is therefore important to provide reasonable nominal stability 301

margins which could cope with such uncertainties. 302

4.2.2. Gain scheduling for regulation error versus cost of con- 303

trol trade-off 304

The gain scheduling policy introduced in the previous sec-
tion allows compensation of the gain nonlinearity of the pro-
cess related to the flow through the valve Q. At this point,
the main static nonlinearities affecting the system are explicitly
considered in the design of the control scheme, with the aim
of maintaining the loop function design as constant as possi-
ble throughout the different working points of the WDN. Still,
it is important to underline that, when the operating point of
the WDN moves at high flow values, α assumes values close to
zero. In this region, the curve ξ(α) becomes almost flat, mean-
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ing that even a small variation of the control signal ξ requires a
wide variation of α to be realised, thus resulting in a very high
cost of control associated with high flow conditions. To keep
into account this behaviour, it is possible to introduce a further
gain scheduling policy to reduce the closed-loop bandwidth in
case of high flow, to obtain a better balance in the regulation
error versus cost of control trade-off. In particular, it is possi-
ble to modify Equation 17 to introduce a multiplicative factor
µratio(α(t)) depending on α, and compute the adapted regulator
gain µgsα

r (t), at each time instant, as follows:

µ
gsα
r (t) = µratio(α(t))(µgsq

r (t)) (19)

The function µratio(α(t)) defines the additional gain scheduling
policy. In particular, assuming the nominal design of R(s) to
result in the maximum desired closed-loop bandwidth, it must
hold µratio(α(t)) ∈ (0, 1].
In particular, in the context of this work, the function µratio(α(t))
is defined as:

µratio(α(t)) =

1 ∀α(t) > α∗

k ∗ α∗
p

+ µ∗ratio ∀α(t) ≤ α∗
(20)

k =
1 − µ∗ratio

α∗
p ; (21)

with α∗ ∈ [0; 1], µ∗ratio ∈ (0; 1] and p > 0 are design parameters.305

In particular, µ∗ratio represents the value of µratio(α) when α = 0,306

p the power of increase of µratio(α) as α → alpha∗, α∗ the up-307

per limit of the gain scheduling policy, which affects the design308

only for α ∈ [0;α∗]. An example is reported in Figure 10. In the309

following of this work, let refer to this gain scheduling policy310

as GS − α.311

Remark: note that, at this point, the overall control design312

includes, as free design parameters, ωc, which defines the nom-313

inal closed-loop bandwidth, and the three parameters α∗, µratio314

and p from GS −α. On the other hand, GS −Q is based on phys-315

ical laws and does not require any additional tuning parameter.316

In the following of this work, this algorithms will be referred317

to as FPI − S P − gs.318

4.3. Control algorithm implementation319

This section introduces some further remarks about the im-320

plementation of the control algorithm described in the previous321

Sections. A complete block scheme is depicted in Figure 11.322

4.3.1. Q and α filters323

Note that both GS −Q and GS − α are based on steady-state
considerations about the process under control. However, in
real life situations, the behaviour of the WDN is mainly driven
by the demand at the different nodes, which show daily patterns
as those depicted in Figures 2 or 4. For this reason, to properly
implement GS−Q, it is necessary to introduce a lowpass filter to
remove the oscillations in Q(t) arising from both high frequency
demand oscillations and from the water hammer effect in the
WDN pipes. In addition, part of such oscillations (depending
on the control sensitivity function Q(s) = R(s)L(s)/(1 + L(s)))
are transferred to α(t). Therefore the same considerations hold

for GS − α. Let then LP(s) be the transfer function of the low-
pass filters used to remove oscillations in Q(t) and α(t):

LP(s) =
1

1 + sTlp
(22)

with Tlp = 180 s the filter time constant used in this work. The 324

filters are implemented in discrete time, with sampling times of 325

1 s for Case Study A, and 60 s for Case Study B, respectively. 326

The gain scheduling policies GS − Q and GS − α are then im- 327

plemented by relying on Qlp(t) and αlp(t), the lowpass filtered 328

versions of, respectively, Q(t) and α(t). 329

4.3.2. Antiwindup implementation 330

As already introduced in § 4.1.3, the presence of a satura-
tion of the control action, combined with the integral action of
the regulator, calls for an antiwindup implementation to avoid
overshoots and undershoots that may eventually result in high
pressure conditions of the WDN or emptying of the WDN. The
antiwindup scheme adopted for this work is reported in Figure
11, where a model of the saturation is introduced in the scheme
to avoid spurious integration of control action which can not
reach the process.
The valve closure α(t) ranges in the interval [0; 1] due to phys-
ical limits. However, full closure is not typically admitted.
Let therefore assume α(t) ∈ [αmin;αmax], with 0 ≤ αmin <
αmax < 1]. Consequently, a saturation is present on ξ(α(t)).
In particular, ξ(α(t)) ∈ [ξmin; ξmax], with ξmin = ξ(αmin), and
ξmax = ξ(αmax). Finally, since the regulator generates as control
action the variation signal δξ(t) = ξ(t) − xi, this should be re-
stricted to the interval [ξmin − ξ; ξmax − ξ].
Note that, with this implementation of Rpi(s), the only time
varying parameter resulting from the application of a gain
scheduling policy is Kp(t), which can therefore be computed
as follows:

Kp(t) = Ti · µ
gsα
r (t) (23)

5. Application 331

This Section is devoted to the application of the methodol- 332

ogy to the two case studies introduced in § 2. To quantify and 333

compare the performances of the different control schemes, two 334

metrics are introduced. All signals are sampled with a 1 s sam- 335

pling time. Let k be the current discrete-time instant. Let h(k) 336

be the measured pressure, hsp be the pressure setpoint, α(k) be 337

the valve closure and ∆α(k) = α(k) − α(k − 1) be the vari- 338

ation of the valve closure over a single sampling time. Let 339

e(k) = h(k) − hsp be the error of the controlled pressure head 340

at time instant k. Then the metrics are defined as follows: 341

• Mean|e(k)| [m]. The regulation error, which evaluates the 342

proximity of the pressure to the desired setpoint. 343

•
∑
|∆α(k)| [−]. The cost of control, which impacts on the 344

energy required to perform regulation and on wear of ac- 345

tuators. 346
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Figure 11: Complete block scheme for the FPI − S P − gs control algorithm including regulator with antiwindup implementation, Smith predictor, gain scheduling
policies and lowpass filters.

5.1. Case Study A347

The application of the proposed methodology is discussed in348

detail in this Section.349

5.1.1. Nominal design and gain scheduling policies350

The control goal in Case Study A is to perform a pressure
regulation at hsp = 29 m at the controlled node, which is placed
in the middle of the pipe. The first step of the methodology
requires identification of the value of ξ resulting in the desired
pressure, when the exogenous inputs acting on the system are
the average value of the source pressure head H(t) and the av-
erage value of the demand D(t). This allows definition of the
working point as follows:

WPA =



ξ = 871 (i.e. α = 0.694)
H = 50 m
D = 0.1 m3/s
h = 29 m
Q = 0.1 m3/s

(25)

Then a step response simulation around WPA allows obtaining
the input-output data for the identification of Ga(s), as discussed
in § 4.1.2. The identification data and the corresponding model
prediction are depicted in Figure 12. Note that, for Case Study
A, the pure delay is given by the time required by the pressure
wave generated from the valve to reach the pressure sensor. The
delay τa can be computed as:

τa =
Lv−s

c
(26)

where Lv−s is the distance between the valve and the sensor and
c is the celerity of the wave. In particular, it results:

τa = 11 s (27)

The Bode diagram of Ga(s) is depicted in Figure 13, while its
complete definition is reported in (24). First, a Smith predictor
is designed on the basis of Ga(s), then the nominal loop function
La(s), whose Bode diagram is depicted in Figure 14, is designed
according to methodology introduced in § 4.1.3.
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Figure 12: Case Study A: model identification. Top: pressure variation δh(t)
(blue, solid line: identification data; red, dashed line: model prediction). Bot-
tom: valve head loss coefficient variation δξ(t).
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Figure 13: Case Study A. Bode diagram of Ga(s) .

To this end, R f (s) can be obtained by deriving ωrp from Ga(s):

ωrp = 0.256 rad/s (28)

This results in:

Td = 0.78 s (29)
T f = 15.6 s (30)

As far as Rpi(s) is concerned, since µg = −0.0193 m and Tp =

16 s, it is possible to adopt the pole compensation approach and
require ωc = 0.0895 rad/s. To this end, one can set:

Ti = Tp = 16 s (31)

µr = −4.6392 m−1 (32)

351

This tuning provides a phase margin φm = 47.93◦ and352

a gain margin Km = ∞. In addition, it is possible to note353

from the Bode diagram of L(s) that the highest resonance354

peak reaches −12 dB of magnitude: as discussed in [21], the355
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Figure 14: Case Study A. Bode diagram of La(s) .

Demand
∑
|∆α| Mean|e(k)|

O f f set
[m3/s] [−] [m]

-0,03 15.5 0.81
-0,02 15.4 0,69
-0,01 17.7 0.61

0 19.5 0.56
0,01 21.9 0.52
0,02 24.9 0.5
0,03 27.3 0.48
0,04 28.3 0.48
0,05 28.2 0.49

Table 1: Case Study A: performance of FPI − S P − gs algorithm (ωc =

0.0895 rad/s), for different demand offsets.

de-amplification of the resonance peaks can be beneficial both 356

in terms of robustness and cost of control. 357

358

Finally, the parameters of GS − α are set as follows:

α∗ = 0.55 (33)
µ∗ratio = 0.1 (34)

p = 4 (35)

5.1.2. Simulation results 359

The performances of control algorithm designed in this Sec- 360

tion is now assessed by means of a set of simulations, as de- 361

scribed in § 2. In particular, Table 1 reports the values of the 362

performance metrics for each demand offset value. The regu- 363

lation error ranges from 0.81 [m] and decreases as the demand 364

offset increases, with a minimum value of 0.49 [m]. The cost 365

of control shows an opposite behaviour, increasing as the de- 366

mand offset increases, from its lowest value (15.5), to the high- 367

est (28.2). Figure 15 depicts results for a whole day simulation 368

with the standard demand profile. 369
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Ga(s) =
−0.007746s8 − 0.001827s7 − 0.004566s6 − 0.0009353s5 − 0.0006218s4 − 9.963e − 05s3 − 1.721 × 10 − 05s2 − 1.362 × 10 − 06s − 1.119 × 10 − 07

s9 + 0.8226s8 + 0.9946s7 + 0.4754s6 + 0.2612s5 + 0.06681s4 + 0.01795s3 + 0.002027s2 + 0.0002091s + 5.774 × 10 − 06
e−11s

(24)
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Figure 15: Case Study A: closed-loop simulation with FPI − S P − gs and no
demand offset. Top: pressure h(t) and pressure setpoint hsp. Middle: demand
D(t). Bottom: valve closure α(t).

t [s]
0 50 100 150 200 250 300 350

δ
h
(t
)
[m

]

0

2

4

6

8

Identification data
Model prediction

t [s]
0 50 100 150 200 250 300 350

δ
ξ
(t
)
[−

]

-100

-80

-60

-40

-20

0

Figure 16: Case Study B: model identification. Top: pressure variation δh(t)
(blue, solid line: identification data; red, dashed line: model prediction). Bot-
tom: valve head loss coefficient variation δξ(t).

5.2. Case Study B370

5.2.1. Nominal design and gain scheduling policies371

The control goal in Case Study B is pressure regulation at
hsp = 25 m at node 1, which is chosen as controlled node.
Recall that the average value of each demand Di(t) is the same
for demand profiles A and B, therefore a single working point
WPB can be defined for Case Study B:

WPB =



ξ = 170.45 (i.e. α = 0.619)
H = 39.6 m
D1 = 0.0014 m3/s
...

DNnodes = 0.0007 m3/s
h = 25 m
Q = 0.0586 m3/s

(37)
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Figure 17: Case Study B. Bode diagram of Gb(s) .

A step response simulation around WPB allows to obtain
the input-output data for the identification of Gb(s). Figure 16
shows the identification data and the corresponding prediction
obtained from Gb(s), whose Bode diagram is depicted in Fig-
ure 17. The complete definition of Gb(s) is reported in (36).
Recall that, for case Study A, the pure delay is given by the
time required by the pressure wave generated from the valve
to reach the pressure sensor. For Case Study B, such pressure
wave results in a number of waves that reach the sensor through
many possible paths, and the value of the delay coincides with
the time required by the wave to travel along the quickest path,
which can be computed based on the knowledge of WDS topol-
ogy. In this particular case, the delay τb results:

τb = 19 s (38)

Based on Gb(s), a Smith predictor is designed to compensate 372

for the effect of the pure delay in the design of the nominal loop 373

function Lb(s), whose Bode diagram is depicted in Figure 18. 374

R f (s) is first defined by deriving ωrp from Gb(s):

ωrp = 0.1 rad/s (39)

This results in:

Td = 2 s (40)
T f = 40 s (41)

From the analysis of Gb(s), it holds that µg = −0.0631 m. By
requiring ωc = 0.0306 rad/s, it is possible to get to:

µr = −0.4849 m−1 (42)

In addition, note that Tp is not defined, since all the poles of
the transfer function are complex conjugate. In this case, the
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Figure 18: Case Study B. Bode diagram of Lb(s) .

Demand
∑
|∆α| Mean|e(k)|

Pro f ile
[−] [m]

A 8.9 0.76
B 9.2 0.67

Table 2: Case Study B: performance of FPI − S P − gs (ωc = 0.0309 rad/s)
with demand profiles A and B.

integral time constant Ti can be treated as a free design parame-
ter to shape the loop function and adjust the phase margin. The
choice adopted in this work for Ti is:

Ti = 5.5 s (43)
(44)

This tuning provides a phase margin φm = 70◦ and a gain375

margin Km = 18.9. Moreover, the analysis of Bode diagram of376

L(s) shows that the highest resonance peak reaches −15 dB of377

magnitude.378

379

Finally, the parameters of GS − α are set as follows:

α∗ = 0.5 (45)
µ∗ratio = 0.1 (46)

p = 6 (47)

5.2.2. Simulation results380

For Case Study B, the performances of FPI − S P − gs al-381

gorithm are evaluated by means of a two simulations, charac-382

terised by two different demand patterns. The values of the per-383

formance metrics for each demand profile are reported in Table384

2.385

Figures 19 and 20 depicts results for a whole day simula-386

tion with demand profile A and B, respectively. Note that, for387

demand profile A, GS − α has no effect since α(t) > α∗ al-388

ways holds. On the contrary, it has great importance in case389

of demand profile B, since it reaches high values that force the 390

control valve to reach very open positions, and saturation (com- 391

pletely open). For sake of comparison, the simulation was re- 392

peated by disabling GS − α (let this algorithm be denoted as 393

FPI − S P− gsQ), and the results plot in Figure 21. This allows 394

highlighting the benefit of the additional gain scheduling pol- 395

icy, which reduces the valve movements without degrading too 396

much the regulation error when the valve reaches the almost flat 397

region of its ξ(α) characteristic curve. Note that, with without 398

GS −α, and in case of α ≈ 0, the valve speed limit was reached 399

for some instants. This suggests that GS −α can be a useful tool 400

to reduce problems related to valve speed saturation, which may 401

occur at very high flow values. However, it must be remarked 402

that, in case of a sensibly lower valve speed, or a faster system 403

dynamics which may allow for wider closed-loop bandwidths, 404

it may be necessary to rely on more complex control designs to 405

explicitly account for the valve speed limit. 406

6. Discussion of results 407

The FPI −S P−gs control algorithms described in this work 408

was successfully tested in two case studies characterised by dif- 409

ferent dynamic behaviours. The dynamics of Case Study A, a 410

water distribution system with a simple topology, is in fact dom- 411

inated by the water hammer effect. On the contrary, in case of 412

Case Study B, the dynamics is mainly determined by its com- 413

plex topology. In both cases the control algorithm provided 414

satisfactory results all over a wide range on operating condi- 415

tions, with demand values spreading from very low values to 416

very high ones. Despite this variety of operating points and 417

the large closed-loop bandwidth required in the design of the 418

loop function, no instability even was faced in simulations, thus 419

demonstrating the robustness of the approach. 420

To further investigate the benefits of the FPI − S P − gs ap- 421

proach, a comparison with previous studies is now introduced, 422

starting from Case Study A. In particular, reference is made to 423

the FPI − S P algorithm introduced in [13]. The FPI − S P al- 424

gorithm shares the same design rationale described in § 4.1.3, 425

but directly relies on α(t) as control variable, without any gain 426

scheduling policy. 427

For this comparison, the FPI − S P algorithm is tuned to ob- 428

tain the same loop function as obtained in the nominal design 429

of the FPI − S P− gs algorithm. While nominal stability of the 430

FPI − S P algorithm was proved by means of the Bode crite- 431

rion [31], when applied to the system, the algorithm makes the 432

closed-loop unstable as soon as the system moves away from 433

the nominal WP. The valve speed saturation avoids that insta- 434

bility results in diverging oscillations, but produces persistent 435

oscillations of both the pressure h(t) and the valve closure α(t). 436

Consequently, both the regulation error and the cost of control 437

assume unacceptably high values, as reported in Table 3. 438

A trial and error tuning of the FPI − S P algorithm, per- 439

formed directly on the simulated plant, allowed to define the 440

required closed-loop bandwidth ωc = 0.0314 rad/s as the 441

widest admissible one, for Case Study A. The FPI − S P − gs 442

control algorithm is then retuned by requiring the same 443

closed-loop bandwidth. Figure 22 shows a comparison of the 444
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Gb(s) =
−0.001812s8 + 0.0002487s7 − 0.002848s6 − 0.0009737s5 − 0.0003301s4 − 7.241 × 10 − 05s3 − 8.275 × 10 − 06s2 − 1.013 × 10 − 06s − 2.124 × 10 − 08

s9 + 0.2841s8 + 0.5369s7 + 0.1105s6 + 0.06009s5 + 0.0083s4 + 0.002042s3 + 0.0001617s2 + 1.69 × 10 − 05s + 3.369 × 10 − 07
e−19s

(36)
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Figure 19: Case Study B: closed-loop simulation with FPI − S P − gs and de-
mand profile A. Top: pressure h(t) and pressure setpoint hsp. Middle: demand
D(t). Bottom: valve closure α(t).
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Figure 20: Case Study B: closed-loop simulation with FPI − S P − gs and de-
mand profile B. Top: pressure h(t) and pressure setpoint hsp. Middle: demand
D(t). Bottom: valve closure α(t).

results obtained with FPI − S P and FPI − S P− gs algorithms,445

both tuned with ωc = 0.0314 rad/s. The cost of control446

is reported on the abscissa and the regulation error on the447

ordinate. The marker color indicates the demand offset used448

for the simulation. Note that, for negative demand offsets,449

the FPI − S P algorithm produces lower errors and higher450

costs. For positive demand offsets the performances of the two451

control algorithms get similar.452

These results are consistent with the nonlinearity analysis453

performed in [21]: if α is adopted as control variable, when454

the demand decreases and α(t) increases, the process gain455

increases due to the ξ(α) relation. While for intermediate456

values of α(t) thie effect is partially compensated by the gain457

decrease due to the decrease in Q(t), when α(t) gets close to 1,458

this may result in instability of the closed-loop. On the other459
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Figure 21: Case Study B: detail of closed-loop simulation with FPI − S P − gs
(blue, solid line) and FPI−S P−gsQ (orange, dashed line) and demand profile
B. Top: pressure h(t) and pressure setpoint hsp. Middle: demand D(t). Bottom:
valve closure α(t).
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Figure 22: Case Study A: results of closed-loop simulations with FPI − S P
(circles) and FPI − S P − gs (squares), with ωc = 0.0314 rad/s and different
demand offsets.

hand, for high demand values, α(t) moves to the flat region of 460

the the ξ(α) curve, resulting in a decrease of the process gain 461

and eventually of the closed-loop bandwidth. 462

463

To conclude the analysis for Case Study A, it is possible to 464

compare the results obtained with FPI − S P − gs algorithms 465

as originally tuned (i.e. ωc = 0.0895 rad/s) to those obtained 466

with the FPI − S P algorithm with the widest closed-loop 467

bandwidth possible (i.e. ωc = 0.0314 rad/s). The results of 468

simulations are reported in Figure 23. In this case the control 469

error obtained with FPI − S P − gs algorithm is always lower 470

than that of FPI − S P algorithm, with the only exception of the 471

simulation with demand offset set at −0.03 m3/s, at the price 472

of a higher cost of control. 473

474
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Figure 23: Case Study A: results of closed-loop simulations with FPI − S P
(ωc = 0.0314 rad/s) (circles) and FPI−S P−gs (ωc = 0.0895 rad/s) (squares),
with different demand offsets.

Demand
∑
|∆α| Mean|e(k)|

O f f set
[m3/s] [−] [m]

-0,03 838.4 3.24
-0,02 838.9 3.24
-0,01 837.9 3.19

0 836.1 3.11
0,01 830.9 2.99
0,02 818.26 2.83
0,03 773.7 2.58
0,04 622.67 2.09
0,05 437.1 1,59

Table 3: Case Study A: performance of FPI − S P algorithm (ωc =

0.0895 rad/s), for different demand offsets.

A final remark about FPI − S P − gs algorithm is related475

to its performances at high demand values. With reference476

to Figures 22 and 23, as the demand offset grows higher,477

the points tend to concentrate in a smaller region. This is478

due to the effect of GS − α, which progressively reduces the479

closed-loop bandwidth to avoid excessively high costs of con-480

trol, not justified by a small improvement in the regulation error.481

482

Let now consider the results obtained with FPI − S P and483

FPI − S P − gs algorithms with simulation of Case Study484

B. Again, the two control algorithms are tuned by requiring485

the same nominal loop function, with ωc = 0.0306 rad/s, as486

discussed in § 5.2. In particular, Table 4 reports the values of487

the performance metrics for FPI − S P algorithm, while Table488

2 those of FPI − S P − gs algorithm. In case of demand profile489

A, FPI−S P−gs clearly outperforms FPI−S P by providing a490

similar regulation error with a strongly reduced cost of control.491

On the other hand, with demand profile B, the performances of492

the two algorithms are very similar.493

494

This comparison further stresses the benefits of introducing495

the presented gain scheduling approach in the design of the496

Demand
∑
|∆α| Mean|e(k)|

Pro f ile
[−] [m]

A 11.4 0.74
B 9.6 0.62

Table 4: Case Study B: performance of FPI − S P algorithm (ωc =

0.0309 rad/s) with demand profiles A and B.

RTC algorithm. As a matter of fact, a more robust control 497

design typically results in reduced performances, especially in 498

terms of regulation error. In this case instead, the introduction 499

of gain scheduling policies allows making the overall control 500

design more robust, and in turn reducing the regulation error 501

(as in Case Study A), or rather obtaining a similar regulation 502

error at lower cost of control (as in Case Study B, demand pro- 503

file A). Furthermore, the FPI−S P−gs algorithm did not require 504

any trial and error tuning procedure, since the model-based de- 505

sign provided good performances when applied to the nonlinear 506

system. On the other hand, a trial and error tuning procedure 507

can be required for the FPI − S P algorithm, which resulted in 508

closed-loop instability when the model-based design was tested 509

on the nonlinear system in Case Study A. In this respect, it must 510

be underlined that a trial and error tuning procedure on a real 511

plant would last several days and possibly result in inconve- 512

nience for the users. It may also stress the water distribution 513

infrastructure in case of instability events. Therefore a control 514

algorithm which requires no or very little retuning on the real 515

plant is preferable. 516

517

7. Conclusion 518

This paper proposed a frequency domain control design 519

with a gain scheduling approach to improve real time pressure 520

control in water distribution networks. The algorithm was 521

extensively tested with simulations on a numerical model of 522

the WDN. In particular, two different topologies and different 523

demand profiles were considered, to asses its performances 524

over a wide range of situations. The algorithm delivered satis- 525

factory results, and detailed comparison with a simpler class of 526

frequency domain control algorithms from [13] underlined the 527

benefits of the new approach. In fact, this work demonstrates 528

that a careful choice of the control variable, together with 529

a nonlinearity inversion block and a gain scheduling policy 530

based on physical considerations, allow compensating for the 531

main nonlinearities of the process. The robustness margins 532

required by the nominal design of the regulator can therefore 533

be reduced, thus leading to wider closed-loop bandwidths and 534

improved regulation error. Notably, the new approach did not 535

require any retuning when applied to the nonlinear system. 536

This represents a clear advantage since operations on the plant 537

may require time and result in inconvenience for the users. 538

Finally, this paper demonstrates that a further gain scheduling 539

policy can be introduced to balance between regulation error 540
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and cost of control, as the system moves through different541

working points, extending in this way the actuator lifetime542

without degrading too much the regulation performances of the543

control scheme.544

As a concluding remark, it should be noted that the control545

problem faced in this work can also be tackled with the tools546

of robust control based on Linear-Parameter-Varying (LPV)547

systems theory, to address in a more rigorous manner the topic548

of LPV stability [32, 33, 34]. Other interesting possibilities549

include Adaptive Control [35], and Model Predictive Control550

[36], which allows facing the problem in a multivariable551

context, where a single valve is available to regulate pressure at552

multiple WDN nodes, while explicitly considering the physical553

constraints acting on the control action. The analysis of such554

control techniques is left as future work.555
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