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Service Pressure Regulation in Water Distribution Networks
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Abstract

Real time pressure control is commonly adopted in water distribution network management to reduce leakage. A numerical de-
scription of the dynamic behaviour of the water distribution network (WDN) is introduced, allowing simulations of different case
studies. A local, linear model is then identified from simulated experiments in order to synthesise different control algorithms
working with control time step of 1 s. A state-of-the-art control algorithm operating with control time step of some minutes is
used as benchmark. Results prove that all the new controllers reduce the control error, suggesting that cost and communication
overheads introduced by control time step reduction are well motivated by sensible benefits in terms of pressure regulation.

Keywords: 'WDN, RTC, LQG, pressure, PCV.

1. Introduction

Due to its benefits in terms of leakage reduction [1], pipe
burst abatement [2],[3] and infrastructure life extension, pres-
sure control has recently been widely adopted in the manage-
ment of water distribution networks (WDNs). After a WDN
has been divided into zones of homogeneous elevation (pres-
sure zones) for facilitating pressure regulation [4], local and
remote real time control (RTC) can be adopted to drive a con-
trol valve installed in each pressure zone. The difference be-
tween local and remote RTC lies in the source of the mea-
surements used for service pressure regulation. Local RTC is
carried out by controlling a variable at the valve site (i.e. the
pressure head at the valve outlet) [5],[6],[7],[8]. Remote RTC,
instead, is carried out by taking as controlled variable the pres-
sure head at the critical node, i.e. the node with minimum av-
erage pressure [9],[10],[11],[12],[13]. While being more bur-
densome in terms of installation costs, remote RTC is often
more cost-effective in the long run [13]. In fact, it enables ser-
vice pressure regulation to meet WDN demand variations in
time. RTC controllers can serve as low-level controllers in hi-
erarchical control schemes, where a high-level optimal control
strategy defines the pressure setpoints for the different pressure
zones, according to an economic cost-benefit evaluation over
the whole network [14],[15],[16],[17],[18],[19],[20]. The oper-
ation of remote RTC can be summarized as follows. At each
control time step, the pressure head is measured at the remotely
controlled node. By making use of suitable algorithms operat-
ing on the pressure head measurements, a programmable logic
controller sets the new suitable device setting to obtain the de-
sired pressure at the remote node. In the works of Campisano et
al. [9],[10],[11], simple proportional algorithms were used for
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valve control. Based on physical considerations on the WDN,
Creaco and Franchini [12] developed a more effective algo-
rithm that also makes use of the water discharge measurement
in the pipe equipped with the control device. Finally, Creaco
[21] and Page et al. [22] showed that implementing water dis-
charge prediction inside the control algorithm of Creaco and
Franchini [12] may be beneficial in terms of error on the con-
trolled variable with respect to the set point and of total vari-
ations of the device setting. The benefits stand out above all
when the random fluctuations of demand are insignificant com-
pared to its hourly variations [21]. The algorithms by Camp-
isano et al. [9],[10],[11], Creaco and Franchini [12], Creaco
[21] and Page et al. [22] were all developed considering suf-
ficiently large control time steps, e.g. order of magnitude of
some minutes, across which WDN behaviour can be approx-
imated as a sequence of steady states. The aim of this work
is instead investigating the possibility of improving the regula-
tion preformance by reducing the sampling time of the control
system (down to 1 second). This requires taking into account
the dynamic behaviour of the WDN. The authors tune differ-
ent model-based algorithms (Proportional-Integral and Linear
Quadratic Gaussian Controllers) and evaluate their performance
with simulations in two different case studies. The algorithm by
Creaco and Franchini [12] is used as benchmark for compari-
son. The following sections are associated to the description
of the two case studies, together with the mathematical models
of the WDN behaviour, which are used for simulations. Then
the control algorithms are introduced and the tuning process de-
scribed in detail. An extensive comparison of results is reported
in the final section of this work.

2. Case studies

The RTC algorithms developed in this work are tested with
two different WDN topologies. In both cases, nodal demands
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Figure 1: Case Study A: topology of the water distribution system.
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Figure 2: Case Study A: demand profile.

are generated at the temporal scale of 1 s, making use of statis-
tic models for demand pulse generation [23]. All the pro-
posed demand profiles follow patterns that keep into account
human daily routine. Three main peaks can be identified in the
daily profiles: one in the morning, one close to midday and
an evening one, while demand is typically lower during night
time. The profile would be flatter during day time in presence
of industrial activities, whose demand is more uniform during
working hours.

Case Study A, which is depicted in Figure 1, is represented

by a simple water distribution system, with a tank acting as
a source node and a pipe connecting it to a single demanding
node. The tank provides a constant pressure of 50 m. The time
behaviour of the demand is depicted in Figure 2. No leakage
is considered in this system. A pressure control valve (PCV) is
installed 250 m downstream the source node. The valve closure
speed was set to obtain the full valve closure from the com-
pletely open position in 100 s. For control purposes, pressure is
measured in the middle of the pipe. The control goal is regula-
tion of the pressure in the middle of the pipe at hy, = 29 m.
To test the robustness of regulation, simulations are repeated
introducing different offsets in the demand profile. The offsets
range in the interval [-0.03; 0.05] [m3 /5] and take into account
seasonal variations of the demand. For Case Study A, a 2 hour
simulation is also performed to evaluate the behaviour of the
controller in presence of a step variation (+ 0.03 [m3/s]) of the
demand, to simulate the opening of a fire hydrant or a sudden
break in the pipe.

Case Study B is represented by the skeletonized WDN of a
town with about 30,000 inhabitants in Northern Italy. The net-
work is made up of 27 nodes (26 nodes with unknown head with

1 Critical
2% Node
d

2

Figure 3: Case Study B: topology of the WDN

0.2
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0.15F
<
“E o1f
o
w05, /”WMW"‘"' ",
0 . . . .
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Figure 4: Case Study B: demand profiles.

ground elevation of 0 m a.s.l. and 1 source node with ground
level of 35 m a.s.l.) and 32 pipes. The complete topology is
depicted in Figure 3. In this case study, two demand patterns
are considered [21], leading to two different trends of the total
WDN demand (see Figure 4): a flatter trend (profile A) and a
more peaked trend (profile B). This is done to analyse robust-
ness of RTC with respect to different nodal demand behaviours.
The source pressure head profile is instead reported in Figure
5. Other features of network nodes and pipes are reported in
[23]. A PCV with diameter of 250 mm is installed in pipe 26-
20 linking the source to the rest of the network. In the RTC, the
critical node 1 is chosen as controlled node. The pressure set
point value for the critical node is kg, = 25 m. The valve moves
from a completely open to a completely closed position in 300
.

The two case studies represent processes with different dy-
namic behaviours. The dynamics of Case Study A is in fact
mainly determined by the water hammer effect, whose impact
on RTC is not completely clear, in particular when the control
algorithm is implemented with short sampling times (instabil-
ity events that arouse in real plants have been studied in similar
situations in [24] and [25]). On the other hand, the dynamic
behaviour of Case Study B is given by its complex topology,
while the water hammer effect is expected to play a minor role.
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Figure 5: Case Study B: source pressure head profile.

3. Numerical model

The WDN behaviour is described by means of unsteady flow
modelling [23]. This enables proper analysis of the hydraulic
transients due to rapid nodal demand and/or valve setting vari-
ations.

Consider a generic pipe of a WDN. The one-dimensional un-
steady flow equations take the form:

ah,

1 99
rm + Ao +J=0 1
oh, | 290 | q -0 ey
5 taet
where A, [m] and Q [m 3/s] are the pressure head and the flow

discharge along the pipe, x [m] is the position along the pipe,
t [s] is time, A [m?] is the pipe cross-section area, g [m/s?] is
the gravity acceleration constant, ¢ [m/s] is the wave celerity,
g [m?/s] is the leakage outflow per unit length, J is the friction
slope.

Remark: in hydraulic framework, pressure is typically
measured in [m]. It holds 1 m = 9806.38 [Pa], that is the
pressure exercised by a one meter column of water.

The wave celerity ¢ can be computed as:

? 3
c= - 2
[1—] @

where € [Pa] and ¢ [kg/m3] are water bulk modulus and den-
sity; E [Pal, d [m] and s [m] are pipe modulus of elasticity,
diameter and thickness.

To account for leakage from WDN pipes, the following outflow
q is considered:

q= a’leakh; 3

where @, [m/s] and y [-] are the leakage coefficient and
exponent, respectively. As for leakage evaluation, exponent y is
set to 1, typical value for plastic pipes [26]. Coeflicient @jq [—]
is set to 0 and 9.4 10~"m/s to obtain a leakage percentage rate
of 0% and 20%, in the two case studies, respectively.

The pipe friction slope can be evaluated as:

n?10l0

J=1029— “

3

where n [s/ m3]is the Gauckler—Manning coefficient. Pipe fric-
tion slopes are then increased using the correction proposed by
Pezzinga in [27], to account for the unsteady flow effects.

In the model implementation, the network pipes are discre-
tised with spatial steps Ax. The solution of the water hammer
partial differential equations through the method of the char-
acteristics [28] enables calculating the hydraulic variables of
interest (pressure and water flow) along the pipes at each time
integration step At, with Ax and Az such that:

ax_ )
At
Suitable boundary conditions are assigned in correspondence to
source and demanding nodes, where fixed total pressure head
and demands are prescribed, respectively. The continuity equa-
tion is introduced as well, i.e. the sum of the water discharges
entering the generic demanding node through the connected
pipes equals the nodal outflow, at each time integration step.

The instantaneous demand at each WDN node is evaluated
using the stochastic bottom-up approach proposed in [23]. The
outflow to the nodal users is evaluated by multiplying the in-
stantaneous demand by the correction factor proposed in [29],
to account from the dependence of nodal outflow on service
pressure. This factor is a function of the ratio of the instan-
taneous pressure head £ to the desired pressure head Ay, and
ranges from O to 1.

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:

2g
—A AHva ve 6
@) v ! (6)

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

Qup =

Qdown == Qup @)

where £ is the valve head loss coefficient, AH, . is the head
drop in the valve and « is the valve closure setting, ranging
from O (fully open) to 1 (fully closed). The valve head loss
coefficient is a growing function of @. This function is typically
made available by the valve manufacturer.

4. Performance metrics

To quantify and compare the performances of the differ-
ent control schemes, three metrics are introduced. All sig-
nals are sampled with a 1 s sampling time. Let k be the cur-
rent discrete-time instant. Let h(k) be the measured pressure,
hsp, be the pressure setpoint, a(k) be the valve closure and
Aa(k) = a(k) — a(k — 1) be the variation of the valve closure
over a single sampling time. Let e(k) = h(k) — hy, be the er-
ror of the controlled pressure head at time instant k. Then the
metrics can be defined as follows:

e Meanle(k)| [m]. The regulation error, which evaluates the
proximity of the pressure to the desired setpoint.
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Figure 6: Case Study A: closed-loop simulation with P on ¢ algorithm and
opening of a fire hydrant. Top: pressure A(t) and pressure setpoint /. Middle:
demand D(¢). Bottom: valve closure ().

e > |Aa(k)| [-]. The cost of control, which impacts on the
energy required to perform regulation and on wear of ac-
tuators.

e % of Displacement Instants [—], measuring valve activ-
ity in terms of percentage of time instants during which
the actuator is in motion.

5. State of the art of pressure control

The algorithm used as benchmark is based on physical con-
siderations on steady state conditions in WDNSs [12]. It aims to
correct the local head loss coefficient & of the valve, which is
an increasing function of «, as derived from the specific valve
curve &(a) provided by the valve manufacturer. Then Aé, i.e.
the variation of & applied by the regulator, is equal to:

2gA?

Aé =K o ¢ ®

where A [m?] is the cross area of the pipe equipped with the
valve. Q [m3/s] is the measured water flow in the same pipe.
Finally, K is a constant that is tuned by trial and error. Once A&
is computed, the a(¢) curve can be used to define to new valve
setting @. This controller is usually applied with control time
steps of the order of magnitude of some minutes. The values
of e and Q to be used for assessing A¢ are the average values
measured during the previous control time step. For both case
studies, the algorithm is applied with a time step of 180 s. In
the following of the paper, this algorithm will be referred to as
Poné.

Case study A

The results of simulations described in § 2 are reported in
Table 1. The best value of the controller constant K is experi-
mentally determined as K = 0.862. Figure 6 depicts the closed-
loop simulation of a fire hydrant opening. Pressure is restored
in about 600 s by P on ¢ algorithm.

4
Demand Displacement ) |Aa|l Meanle(k)|
Of fset Instants
[m?/s] [%] -] [m]
-0,03 0,68 3,17 2,31
-0,02 0,69 3,19 1,94
-0,01 0,70 3,24 1,68
0 0,71 3,33 1,50
0,01 0,73 3,69 1,25
0,03 0,78 3,98 1,16
0,04 0,81 4,36 1,08
0,05 0,88 4,89 1,01

Table 1: Performance of P on ¢ algorithm for different demand offsets.

Demand Displacement 3, |Aal Meanle(k)|
Profile Instants
[%] (-] [m]
A 2 3.37 1.06
B 2.75 5.55 0.98

Table 2: Case Study B: Performance of PI on ¢ algorithm for different demand
profiles.

Case study B

Table 2 shows the results of simulations, with the two differ-
ent demand profiles introduced in § 2. The controller constant
was set to K = 0.4 to obtain the best results for Case Study B.

6. Pressure control strategies based on dynamic models

In this section different control strategies synthesized on lin-
ear dynamic models of the plant are introduced. All the pre-
sented algorithms use an approximated linear model identified
around a suitable working point of the system under control.

6.1. Working points

The first step of a model-based synthesis is the definition of a
nominal working point, typically an equilibrium of the system.
When a mathematical description of the process is available in
state-space form, it is possible to find its equilibria by requiring
the state derivatives to be zero, when inputs are set to a constant
value (i.e. by requiring a steady state condition to be reached).
The mathematical modelling of the WDN introduced in § 3 al-
lows the detailed description and simulation of the dynamics of
the system, but is too complex to be put in state-space form.
However, the nominal working point can be found experimen-
tally by means of simulations.

For this purpose, a Multi-Input Single-Output (MISO) system
must be considered in both case studies. Input signals are:

e «a(t), the valve closure ([—]).

e H(1), the source pressure head ([m]).
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e D;(), the water demand ([#2°/s]) at node i.

The output is the pressure Ah(f) (expressed in [m]) measured
at the desired point of the WDN.
Note that a(¢) is the only control variable, since we assume
no possibility of controlling the source pressure H(f). Conse-
quently, H(#) and D;(¢) represent stochastic disturbances acting
on the process. Typical profiles of H(¢) and D(¢) are depicted in
Figure 2 for Case Study A, with D(¢) the demand of the single
demanding node. Figure 4 shows the profiles for Case Study B,
with D(¢) representing the overall demand of the WDN, i.e.:

Niodes
> D) ©)

i=1

D) =

where N,,4.s 1S the number of demanding nodes in the WDN. In
the definition of the working point, the average values of typical
H(t) and D;(¢) profiles are considered as input to the system.

Case study A

The control goal in Case Study A is to perform a pressure
regulation at &, = 29 m at the controlled node, which is placed
in the middle of the pipe. Simulations allow to define the value
of @ which results in the desired pressure, when the exogenous
inputs acting on the system are the average value of the source
pressure head H(¢) and the average value of the demand D().
The working point for Case Study A is then defined by the tuple
WP, = (@, H,D,h):

=0.694
=50m
=0.1m?/s
=29m

WP, =

@
H
- 10
5 (10)
h

Case study B

The control goal in Case Study B is to perform the pressure
regulation at iy, = 25 m at the controlled node, which coincides
with node 1. The average value of the source pressure head and
demand must be used in the simulations. Note that, in the case
of multiple demanding nodes, it is necessary to consider the
average value of each demand profile D;(¢). The tuple WPp =
(@,H,D,,....Dy,,., 1) is then the working point for Case Study
B:

@ =0.619
H=396m

D, =0.0014 m?/s

WPp = an

Dy,,,.. = 0.0007 m?/s
h=25m

Remark: Demand profiles A and B share the same average
values for each D;(t), therefore it is not necessary to define two
different working points for Case Study B.

sh [m]

L L

0 50 100 150 200 250
t[s]

0 50 100 150 200 250
t[s]

Figure 7: Case Study A: identification data. Top: pressure variation d/(f). Bot-
tom: valve variation Sa(r).

6.2. Dynamic models

The synthesis of regulators requires a dynamic model relat-
ing the valve closure a(t) to the pressure Ai(f). Since analytical
linearization is too complex in view of the complexity of the
nonlinear model, black-box identification, based on simulated
data collected on the simulator, has been exploited for the def-
inition of a local model describing the dynamics of the system
around the equilibrium. The identification phase is set-up as
follows:

e Simulation of a step response of the WDN around the
working point. The system is first brought around the de-
sired working point. Then, once a stedy state condition
is reached, a 10% step variation of « is applied (the valve
speed limit is disabled for this simulation). Let A, be
the amplitude of the step.

e Buildup of input-output identification data. A local model
must be identified, therefore it is necessary to construct
variation signals da(?) = a(t) — a and oh(t) = h(t) — h as
input-output data. The former signal represents the input
of the linearised system, the latter its output.

e Definition of the structure of the model. The structure of
the local model must be chosen according to the behaviour
of the step response da(t).

o [dentification of the parameters of the model. Matlab Iden-
tification Toolbox [30] allows to use input-output data to
optimise the values of parameters, to provide the best fit
between model prediction and identification data.

o Validation. The model prediction is compared against sim-
ulations of step responses of the WDN. Different step am-
plitudes are used to validate the model.

Case study A

A step response simulation around WP, allows to obtain the
input-output identification data shown in Figure 7. The step
response does not show any overshoot, inverse response or os-
cillation. Still, a pure delay is present, and coincides with the
time required by the pressure wave generated from the valve to
reach the pressure sensor. The celerity of the wave is known,
therefore the delay 7, can be computed as:
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- - Identification Data
——Model Prediction

0 50 100 150 200 250
t[s]

Figure 8: Case Study A: comparison of model and system output with identifi-
cation data.

- - Validation Data
——Model Prediction
0 100 200 300 400 500 600
t[s]

Figure 9: Case Study A: comparison of model and system output with valida-
tion data.

(12)

where L,_; is the distance between the valve and the sensor and
c is the celerity of the wave.

The structure chosen for the model (a continuous time trans-
fer function, with s the Laplace variable) and the values of its
parameters are reported in (13). Figure 8 shows a comparison
between the model output and the identification data.

— ST
Gu(s) = e

1+sT,
U, =—-107.27 m (13)
T,=16s
T,=11s

Validation is performed by simulating the step response with
different step amplitudes and comparing the results to the re-
sponse predicted by the model. In particular, Figure 9 shows
the response to a 5% step in @. The model does not exactly
predict the gain of the system, due to the presence of some non-
linearities.

Let us consider (6), where o does not directly affect the pres-
sure loss, but appears through &. The relation between & and
a, depicted in Figure 10, is strongly nonlinear. A formal lin-
earisation procedure would approximate the relation with the
slope of the tangent to the curve in correspondence of the work-
ing point (ﬁ|a=a). The proposed procedure approximates it as

da
Af , which depends on the amplitude of the step applied dur-

2000

1500 F
Z1000
s

500 -

0 0.2 0.4 0.6 0.8 1
al]

Figure 10: The local loss coefficient ¢ as function of the valve closure « and the
straight line tangent to the curve in the working point.

0.12

0.1

[1e] [m]

0 0.05 0.1 0.15 02 0.25
Q[m%s]

Figure 11: Absolute value of the gain of the linearised system y, as function of
the flow Q.

ing the identification phase.

Equation (4) shows instead that the pressure variation gener-
ated by a step Aay,, also depends on the flow Q. In particular,
the absolute value of the pressure variation increases with the
square of the flow. Figure 11 depicts the relation between the
absolute value of the gain of the linearised system (|u,|) and the
flow Q. The relation is obtained by repeating the identification
procedure at different values of Q, with same values of @ and
Aa’step-

Nevertheless, the two nonlinearities do not cumulate, but are
likely to cancel each other in closed-loop. In fact, whenever
the flow Q increases, the pressure 7 would decrease. The valve
closure @ must then decrease to compensate for the pressure
loss. An increase in Q then results in a decrease in @. When
considering this effect in terms of gain of the linearised system,
an increase in Q means an increase in the gain, but the result-
ing decrease in @ means a decrease in the gain. On the other
hand, if Q decreases, the pressure % increases and @ must be in-
creased, thus the two effects still compensate each other. Still,
in case of @ ~ 1, the & nonlinearity is dominant and is not mit-
igated by the Q one. Note that this is not likely to happen in
real situations: @ =~ 1 would be required when D ~ 0, but this
never happens due to leakage. On the contrary, when e = 0, the
Q nonlinearity dominates. In view of these considerations, it is
still important to synthesise regulators providing sufficient mar-
gin of robustnes, and setup simulations to test the robustness of
the regulators.
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0 50 100 150 200 250 300
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t[s]

Figure 12: Identification data for Case Study B. Top: pressure variation o/(f).
Bottom: valve variation da(z).

- - ‘Ildentification Data
——Model Prediction
50 100 150 200 250 300
t[s]

Figure 13: Case Study B: Comparison of model and system output with identi-
fication data.

Case study B

The previous procedure can be applied to Case Study B.
Figure 12 shows the identification step response around WPp.
Some oscillations are present in the response, due to the effect
of pressure waves coming from different paths of the WDN.
This motivates the introduction of a second order transfer func-
tion model with complex conjugate poles. The pure delay is still
present, but its computation can no longer be made by means
of a structural analysis of the WDN, and must be treated as
a parameter for the identification problem. The overall struc-
ture chosen for the model and the values of its parameters are
reported in (14). Figure 13 shows a comparison between the
model output and the identification data. Validation is depicted
in Figure 14. The applied step is Aa e, = 5% (a 10% step was
used for identification). The considerations about gain nonlin-
earities which were introduced for Case Study A still hold for
Case Study B.

= e
Go(9) = T viaestiar
Mp = -902.86 m (14)
gb = 0.4
wp = 01 rad/S
75, =19 s

6.3. Control

The main goal is regulation to the setpoint h, of the pressure
h(t), in presence of process disturbances generated by the effect

- - -Validation Data
——Model Prediction

0 50 100 150 200 250 300
tls]

Figure 14: Case Study B: Comparison of model and system output with valida-
tion data.

8D(t) SH(t)
do(®) dy(®)
Sa(t) + +| Sh(t)

| Gl | O-
+ +

Figure 15: SISO system for control purposes.

of exogenous inputs H(¢) and D;(¢). In this situation, it is pos-
sible to refer to a Single-Input Single-Output (SISO) system,
whose behaviour around the working point can be described
by the local, linear models derived in § 6.2. Regulators are
then synthesised on the basis of G,(s) and G,(s), requiring
the closed-loop bandwidth to be the largest possible, while
providing robustness to gain and phase variations. The SISO
system and the linear framework considered for the control
design are depicted in Figure 15, where 0 H(f) and 6D(t) are the
source pressure and nodal demand variation signals from their
working point values. Then dp(¢) is the disturbance generated
by 0H(t) through the dynamic relation Gy(s), and dy(t) the
disturbance generated by 6D(¢) through the dynamic relation
Gp(s). Note that the knowledge of Gg(s) and Gp(s) is not
required by the control algorithms proposed in this work.

Note that, every time the value of D; changes, a pressure
wave is generated from the corresponding demanding node and
propagates throughout the WDN. A reflected wave is gener-
ated as well when the primary one reaches the end of a pipe or
the control valve. This effect is particularly important in Case
Study A, since the wave propagates and gets reflected through a
single pipe. The same holds every time the value of @ changes,
with the primary wave propagating from the valve towards the
demanding node.

The same effect is present in the more complex WDN con-
sidered for case Study B. Still, due to the presence of many
possible paths for the pressure waves, the power is distributed
over a number of harmonics and is expected to have less impact
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do(t) +dy(t)

Figure 16: Antiwindup control scheme for PI regulators.

on closed-loop performance. Some realistic measurement noise
n(t) is present in Case Study B as well.

All regulators are implemented in a discrete-time way, by ex-
ploiting the full capability of the measurement system in terms
of sampling time, which results in 7y = 1 s. Discretisation of
regulators is performed with 7ustin method to guarantee that
the stability is preserved (all asymptotically stable/stable con-
tinuous time poles are respectively mapped into asymptotically
stable/stable discrete time poles). The design and test of the
different control schemes based on the dynamic model derived
in § 6.2 are presented in the following subsections.

6.4. PI regulators

A Proportional-Integral (PI) control action u(f) can be ex-
pressed as follows [31]:

u(t) = Kye(t) + K; fe(t)dt (15)
where e(t) is the error signal. Moving to the Laplace domain,
one has:

U(s) = K,E(s) + %E(s) (16)

with s the Laplace variable, F(s) the Laplace transform of a
generic time domain signal f(#). The transfer function of the
regulator can be written as follows:

K
U(s) Ki K,s+K; L+s¢
R(s)=—=K,+ — = =K; ! 17
(s) E(s) Py ) ) an
By defining T; = % and u, = K;, one has:
1+ sT;
R(s) = py (18)

By properly shaping the loop transfer function L(s) = G(s)R(s),
it is possible to cope with the different control requirements.
Note that, when no derivative action is present, an integrator
in L(s) ensures perfect tracking of step reference signals and
complete rejection of step process disturbances. Still, the
presence of a saturation of the control action (recall o € [0; 1])
calls for an antiwindup implementation of the PI regulator, to
avoid undershoots/overshoots which may completely empty
the WDN. The overall control scheme is depicted in Figure
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Figure 17: Case Study A: design of loop functions for PI,,, PI and FPI regu-
lators.

Demand  Displacement Y, |Aa| Meanle(k)|
Of fset Instants
[m*/s] (%] (-] [m]
-0,03 100 223,21 2,29
-0,02 100 169,05 1,73
-0,01 100 93,63 1,03
0 100 38,33 0,51
0,01 100 35,02 0,49
0,02 100 33,49 0,48
0,03 100 32,48 0,48
0,04 100 31,78 0,49
0,05 100 31,3 0,5

Table 3: Case Study A: performance of PI,, algorithm for different demand
offsets.

16. Note that the model of the saturation affects da. It must
be therefore implemented as da € [1 — a; —a]. Stability of the
resulting closed-loop systems can be assessed by means of the
Bode Criterion, which is reported in Theorem 1 [31].

Theorem 1. Let L(s) have poles with non-positive real
part only, and let the Bode diagram of |L(jw)| cross the 0
dB axis only once. Then, by defining as uy the gain of L(s)
and as ¢,, the phase margin, the negative feedback system is
asymptotically stable iif u; > 0 and ¢,, > 0.

Case study A
Let the model of the system be described by (13). It is then
possible to set:
W,
T, =T, pur=—
Ha
where w, is the desired closed-loop bandwidth expressed in
rad/s.

The resulting loop transfer function L(s) is reported in (20):

19)

L(s) = %e (20)
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Figure 18: Case Study A: closed-loop simulation with PI,, and demand offset
—0.03 m?/s. Top: pressure h(f) and pressure setpoint hgp. Middle: demand
D(t). Bottom: valve closure a(t).

D [m%/s]

t[h]

Figure 19: Case Study A: closed-loop simulation with P/ algorithm. Top: pres-
sure h(¢) and pressure setpoint hg,. Middle: demand D(t). Bottom: valve clo-
sure a(r).

The only free design parameter is w., which must be chosen
according to the design specifications.

A first PI is tuned by requiring w, = 0.0314 rad/s. In the
following, this algorithm will be referred to as PI,,. The re-
sulting loop function L(s) is depicted in Figure 17. The associ-
ated phase margin, including the effect of the pure delay, results
¢m = 70°, ensuring robust stability of the closed-loop and very
little oscillations in the closed-loop step response. Phase mar-
gin reduction due to discretisation is negligible.

Table 3 shows the results of closed-loop simulations with
PI,,. Note that, for negative demand offset values, the cost of
regulation grows very high and the regulation error gets worse.
This is due to the presence of a pressure wave with frequency

1
fo == =004 Hz

% 21

propagating through the pipe. The effect is shown in Fig-
ure 18, with reference to a simulation with demand offset of
—0.03 m?/s. Recall that a pressure wave is generated every time
the valve setting @ changes. Such wave propagates through the

L L L L L L
0.8 0.9 1 1.1 1.2 1.3 14 15 1.6

0.8
Zorst 1
0.7 h

.
08 0.9 1 11 12 13 14 15 16
tih]

Figure 20: Case Study A: closed-loop simulation with P/ algorithm and open-
ing of a fire hydrant. Top: pressure A(f) and pressure setpoint ig,. Middle:
demand D(r). Bottom: valve closure a(z).

Demand Displacement 3, |Aal Meanle(k)|
Of fset Instants
[m? /5] [%] (-] [m]
-0,03 100 8,57 1,12
-0,02 100 7,96 1,02
-0,01 100 7,55 0,94
0 100 7,24 0,89
0,01 100 7,01 0,85
0,02 100 6,83 0,82
0,03 100 6,7 0,8
0,04 100 6,62 0,78
0,05 100 6,56 0,78

Table 4: Case Study A: performance of PI algorithm for different demand oft-
sets.

pipe and gets reflected once it reaches the demanding node, hit-
ting the pressure sensor again while moving back towards the
valve. When the controller tries to compensate for the pressure
variation, a new wave is generated and reflected. In addition,
with very low values of the demand D(¢), the regulator sets val-
ues of @ which get close to 1. According to the effect of gain
nonlinearities described in § 6.3, the & nonlinearity dominates
and the gain of the process increases. This in turn means that the
closed-loop bandwidth is enlarged and that the regulator tries to
compensate the effect of the pressure wave propagating through
the pipe, instead of filtering it. By doing so, other waves at
the same frequency are generated. Other works instead suggest
that the observed oscillations are the result of the phase margin
reduction which occours due to the enlarged closed-loop band-
width [8],[24],[25].

A retuning of the regulator is therefore necessary. A possi-
bility is to reduce the closed-loop bandwidth. A second attempt
is then made with w, = 0.0063 rad/s. The new phase margin is
¢n = 86° (phase margin reduction due to discretisation is neg-
ligible). The new PI will be referred to simply as PI. Results
are reported in Table 4. Figure 19 shows the main signals of
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Figure 21: Case Study B: design of loop functions for PI and F PI regulators.

Demand Displacement ) |Aa|l Meanle(k)|
Profile Instants
[%] [-] [m]
A 100 33.5 0.7
B 98 22.9 0.55

Table 5: Case Study B: Performance of PI algorithm for different demand pro-
files.

the control-loop for a whole day simulation with the nominal
demand profile. Figure 20 shows the response of the system in
presence of an additional step disturbance D(f) = 0.03 m?/s.
This simulation mimics real situations, such as a sudden break
of a pipe or the opening of a fire hydrant. The control system
manages to bring the pressure back to the setpoint without any
oscillation in about 300 s.

Case study B
For Case Study B, the local model of the system is reported
in (14). A possible tuning is:

1 W
iS5 M=o (22)
wy Hp
with
we < Wy

The best results are obtained with w, = 0.0314 rad/s. Phase
margin results ¢,, = 48°: the closed loop system is asymptot-
ically stable but some damped oscillations may be present in
the closed-loop step response. The Bode diagram of the loop
function L(s) is depicted in Figure 21 (phase margin reduction
associated to the discretisation can be neglected).

10

t[h]

Figure 22: Case Study B: closed-loop simulation with PI algorithm and de-
mand profile A. Top: pressure A(f) and pressure setpoint /,. Middle: demand
D(1). Bottom: valve closure ().

D [m%/s]

t[h]

Figure 23: Case Study B: closed-loop simulation with P/ algorithm and de-
mand profile B. Top: pressure A(t) and pressure setpoint A,. Middle: demand
D(t). Bottom: valve closure a(?).

The results of the simulations with
the two demand profiles are presented in Table 5 and depicted
in Figures 22 and 23.

6.5. Filtered PI regulators and Smith predictor

According to the previous considerations, it may be possi-
ble to improve the PI performance by introducing a low pass
filter to enhance rejection of noise at frequency f,,. The over-
all regulator R(s) can then be considered as the cascade of a
PI controller, as described in § 6.4, and the filter given by the
transfer function Ry (s), reported in (23).

(1 + STd)

(1+sT)) 23)

Rs(s) =
When the filtering pole is placed just outside of the closed-loop
bandwidth, the phase margin of the system can be reduced sig-
nificantly. The zero of R/(s) can be used to reduce the phase
margin loss. In the following of the paper, this algorithm will
be referred to as F'PI (Filtered PI). Since the system under con-
trol is characterised by the presence of a pure delay, it is also
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Figure 24: Control scheme with Smith Predictor.
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Figure 25: Antiwindup control scheme for F PI regulators with Smith Predictor.

possible to compensate for its effect on the phase margin by
introducing a Smith Predictor (SP), which is now presented.

Consider an asymptotically stable SISO system with transfer
function

G(s) = G'(s)e™" (24

where G’ () is a rational transfer function. Then, with reference
to the control scheme in Figure 24, it is possible to neglect the
presence of the pure delay ¢™*" in the design of the regulator
R’(s) when

P(s) = (1 — e )G/ (s) 25)

The effect of the scheme is to obtain a feedback with a predic-
tion z(t) = y(t + 71) of the controlled variable y(z).

The overall control scheme for the FPI algorithm with anti-
windup implementation and Smith Predictor is depicted in Fig-
ure 25.

Case study A

In Case Study A it is possible to compute the frequency f,
of the pressure wave as described in (21). The PI,, algorithm
presented in § 6.4 can be extended to provide more rejection
of noise at frequency f,,. The best design of the filter R¢(s) is
obtained by setting:

1 1

=——— T;=20T
sanf, d

d (26)
which provides 30dB of rejection of the pressure wave. The
bode diagram of the overall loop function L(s) is reported
in Figure 17. The closed-loop bandwidth is approximately

w. = 0.0314 rad/s. Thanks to the Smith Predictor, the phase

11

I I I I I I
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Figure 26: Case Study A: closed-loop simulation with F'PI algorithm and open-
ing of a fire hydrant. Top: pressure A(f) and pressure setpoint ig,. Middle:
demand D(r). Bottom: valve closure a(z).

Demand  Displacement Y, |Aa| Meanle(k)|
Profile Instants

[m? /5] [%] (-] [m]
-0,03 100 15 0,74
-0,02 100 14,1 0,69
-0,01 100 13,46 0,66
0 100 12,98 0,64
0,01 100 12,62 0,62
0,02 100 12,34 0,6
0,03 100 12,18 0,56
0,04 100 12,11 0,59
0,05 100 12,11 0,59

Table 6: Case Study A: performance of FPI algorithm for different demand
offsets.

margin results ¢,, = 67° (by neglecting the effect of discretisa-
tion), ensuring robust stability of the closed-loop and very little
oscillations in the closed-loop step response. Note that, in con-
trast with the closed-loop bandwidth reduction introduced for
the PI algorithm, the proposed filter design limits the closed-
loop bandwidth in case of increase in the process gain, while
keeping the nominal closed-loop bandwidth almost unchanged.
Result of whole day simulations are reported in Table 6. Sim-
ulation of fire hydrant opening is instead shown in Figure 26.
Regulation to k), is faster than the PI case but shows a little
overshoot/undershoot. In the following, this algorithm will be
simply referred to as FPI.

Case study B

The WDN considered in Case Study B shows a complex
topology with many possible paths connecting the control valve
to the controlled node. Cycles are also present. Many pressure
waves are therefore generated when a variation of the status of
the valve occurs. In addition, each demanding node generates
waves which propagate through the network. It is then very dif-
ficult to identify the frequencies of such waves. Still, a possi-
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Demand Displacement ) |Aa|l Meanle(k)|
Profile Instants
[%] [-] [m]
A 100 114 0.74
B 98 9.6 0.62

Table 7: Case Study B: Performance of FPI algorithm for different demand
profiles.

do(t) +du(®)
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Figure 27: Control scheme for the LQG regulator, featuring integral action and
Smith Predictor

ble design for the R(s) placing the filtering pole right after the
closed-loop bandwidth and then placing the zero in an arbitrary
position to improve the phase margin. The Smith Predictor de-
scribed in the previous section is still included in the design.

Let therefore:
_ 06

T =
With the PI tuned as in § 6.4, with w. = 0.0314 rad/s, the
overall regulator provides a phase margin ¢, = 59°. The ef-
fect of discretisation on the phase margin is negligible. The
corresponding loop function is reported in Figure 21. A com-
parison of the loop functions obtained with the PI and the F Pl
algorithms highlights that the FPI results in a reduced magni-
tude in correspondence of the resonance peak, which is outside
of the closed-loop bandwidth and in turn present in the control
sensitivity function as well. The overall effect is a reduction
of the associated actuator oscillations. Table 7 reports the re-
sults of simulations of the WDN in closed loop with the FPI
algorithm.

T, = 0.1T; 27)

6.6. Linear Quadratic Gaussian control

Linear Quadratic Gaussian (LQG) control is one of the most
common optimal control techniques. Optimal control allows
to formulate control problems as optimisation ones, explicitly
taking into account cost/benefit trade-offs in the synthesis of
the controller. In particular, LQG control is the combination
of a Linear Quadratic (LQ) state-feedback controller and a
Kalman Filter (KF) for estimation of nonmeasurable states. In
particular, the LQG schemes developed in this work features a
discrete time, infinite horizon LQ regulator and a steady-state

12

KF. The main results of infinite horizon LQ control are
summarised in Theorem 2, while Theorem 3 discusses the
steady-state KF [32].

Theorem 2. Consider a linear, discrete time system de-
scribed by:

x(k + 1) = Ax(k) + Bu(k) (28)
and the infinite horizon quadratic cost function:
J = 2ito(xT (k)Qx(k) + u' (k)Ru(k))
with 29)
Q>0 R>0

If the pair (A, B) is reachable, and the pair (A, Cq) is observ-
able, with Q = Cq"Cq,
then, the optimal control law is given by

u(k) = K ox(k) (30)

with

K = (R+B"PB)'B"PA (31)

where P is the unique positive definite solution of the stationary
Riccati Equation

P=A"PA + Q- A"PB(R + B"PB)"'B"PA (32)
The closed-loop system
x(k + 1) = (A - BKp)x(k) (33)

is asymptotically stable.

Theorem 3. Assume that the considered system is described
by:

{ x(k + 1) = Ax(k) + Bu(k) + w(k) x(0) = x¢ (34)

y(k) = Cx(k) + n(k)

with w(k) and n(k) respectively process and measurement noise.
Let w(k) be white, Gaussian with zero mean and covariance Q.
Analogously, let n(k) be white, Gaussian with zero mean and
covariance Ry. Let also assume that the two noises are not cor-
related.

If the pair (A, Bq), with Bq such that Q, = Bq"Bq, is reachable
and that the pair (A, C) is observable, the optimal state estima-
tor is then given by:

X(k + 1|k + 1) = AX(klk) + Bu(k)+

+L[y(k + 1) — C(AR(k|k) + Bu(k))] (35)

with _ _
L =PCT[CPC™ + R, (36)

where P is the unique positive definite solution of the station-
ary Riccati Equation

P =APA" + Q, - APCT[CPC" + R;]"'CPA 37

The estimator is asymptotically stable, i.e. the eigenvalues of
(A — LC) have modulus less than 1. Note that the eigenvalues
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Figure 28: Case Study A: closed-loop simulation with /LQG algorithm and
opening of a fire hydrant. Top: pressure A(f) and pressure setpoint /. Middle:
demand D(t). Bottom: valve closure a(t).

of the overall closed-loop system are those of (A — BK; ) and
of (A — LC), so that the closed-loop stability is guaranteed.

Figure 27 shows the overall closed-loop setup for the imple-
mentation of the LOG control used in this paper. As for PI
and FPI algorithms, the regulator is tuned according to linear
models derived in § 6.2. Note that an integrator is introduced
in the loop, providing a twofold contribution. On one hand, it
allows to synthesise the LQ regulator with control action u co-
inciding with the derivative of the valve closure variation da.
This in turn means that the derivative appears (in its discrete-
time version) in the cost function, providing a more direct way
to weight the performance metric ) |Aa|. On the other hand,
with a SISO system without any derivative action, the presence
of the integrator in the control loop ensures complete rejection
of step process disturbances and perfect tracking of step refer-
ences. Accumulation in the integrator is limited to the interval
[1 —@; —a], to account for saturation of the control action and
avoid integral windup.

Let A, B, and C be a realisation of (13) or (14). To introduce the
integral action as described in Figure 27, the system is extended

a=lp & 2=lo| c=b

The LQ and KF are then synthesised over the extended system
(A, B,C), discretised with step of 1 s and a Zero-Order
Hold algorithm. The control scheme also features the Smith
Predictor developed in § 6.5 for pure delay compensation. In
the following of this work, this algorithm will be denoted as
ILQOG.

(38)

Case study A

Simulations with the water distribution system of Case Study
A and ILQG algorithm provided the results shown in Table 8.
Simulation of hydrant opening is depicted in Figure 28. Regu-
lation to the setpoint is performed in about 250 s, with no oscil-

13
Demand Displacement ) |Aa|l Meanle(k)|
Profile Instants
[m?/s] [%] -] [m]
-0,03 100 134 0,84
-0,02 100 12,42 0,77
-0,01 100 11,77 0,73
0 100 11,32 0,7
0,01 100 11 0,68
0,02 100 10,75 0,66
0,03 100 10,6 0,65
0,04 100 10,5 0,65
0,05 100 10,5 0,65

Table 8: Case Study A: performance of /LQG algorithm for different demand
offsets.

Demand Displacement 3, |Aal Meanle(k)|
Profile Instants
[%] (-] [m]
A 100 20 0.7
B 98 15 0.6

Table 9: Case Study B: Performance of /LQG algorithm for different demand
profiles.

lations in the response. The values of tuning parameters are:
0% 0
Q= 0 10-8 R=1 Q,=0.005Lx, R;=1

where the non-zero elements in Q weight respectively the state
of the integrator and the state of the linearised system.

Case study B

For the WDN considered in case Study B, the best results are
obtained with

103 0 0
Q=0 10 o0 R=1 Q,=000005I3; R;=1
0 0 10°®

Performance metrics are reported in Table 9.

6.7. Linear Quadratic Gaussian control with shaping functions

Note that, for Case Study A, it is particularly interesting to
bring in the LOG algorithm the same concepts introduced with
the FPI one: an enhanced filtering at frequency f,,, and a lim-
itation on the increase in the closed-loop bandwidth in case of
increased gain of the process (see § 6.5). This result can be
achieved by means of a control scheme with disturbances pre-
filtering, as in Figure 29.

Let vy4, v,1, vz be uncorrelated white noises, and let S, and
S, be asymptotically stable systems producing the stationary
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Figure 29: Control scheme for LQG control with disturbances prefiltering.
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Figure 30: Shaping functions used for disturbances prefiltering.

noises d(f) and n(¢). The process is described by:

X(1) = Ax(t) + Bu(r)

{ 7Z(t) = Cx(t) + d(t)
() = Z(t) + n(t)

while §; and S, are described by:

{ Xq(1) = Agxq(t) + Byva(2)

d(t) = Cyxy(1)

and

{ X,() = ApXp(t) + B,y (1)

n(r) = Can(t) + Vvi2(2)

s¢s  Now define:

x(f) A 0 0]
X() = x| A=|0 A; 0O

X, (7) 0 0 A,
v —BO 8 vl Eole ¢, ¢
v(t) = Od p Vo1 (0) —[ d n]

s7 and the enlarged system:

{ X(f) = _ﬁi(r) + Bu(t) +
y(#) = CX(t) + vpa(2)

V(1)

(39)

(40)

(41)

(42)

(43)

14
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Figure 31: Case Study A: closed-loop simulation with /LQG — S F algorithm
and opening of a fire hydrant. Top: pressure A(f) and pressure setpoint /).
Middle: demand D(¢). Bottom: valve closure a(f).

Demand Displacement Y, |Aal Meanle(k)|
Profile Instants
[m?/s] [%] -] [m]
-0,03 100 23 0,56
-0,02 100 22,1 0,53
-0,01 100 21,47 0,52
0 100 21 0,51
0,01 100 20,73 0,51
0,02 100 20,5 0,51
0,03 100 20,37 0,51
0,04 100 20,36 0,51
0,05 100 20 0,52

Table 10: Case Study A: performance of /LQG — S F algorithm for different
demand offsets.

Assuming that the covariance Oy, of v, is positive definite,

then (43) fulfils the conditions required for the design of a sta-
bilizing LOG regulator.
This algorithm is implemented on a discretised version of (43)
and will be referred to as ILQG — S F. Shaping functions S,
and S, can be chosen to place the power of measurement noise
n(t) from f,, towards higher frequencies and process noise d()
towards lower frequencies. Figure 30 depicts the chosen shapes
and (44) reports the mathematical expressions.

Wy =21f,
Wy 3
Sa($) = {255 (44)

= (s/Gwy))
Sa(8) = {550 1wn)7

With weights reported in (45), the regulation error improves
significantly.
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Figure 32: Case Study A: regulation error as function of the demand offset.
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Figure 33: Case Study A: cost of control as function of the demand offset.
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Performance metrics are reported in Table 10. Figure 31
shows the fire hydrant opening simulation. Regulation is
slightly faster than the standard /LQG case, but shows some
minor overshoot.

7. Analysis of results

The results of simulations introduced in § 5 and § 6 are now
discussed and compared. To make comparison easier, results of
Case Study A are reported in Figure 32 and Figure 33, where
respectively the regulation error (Meanle(k)|) and the cost of
control (3 |Ae|) are plot as function of the demand offset. Note
that regulators were tuned to obtain the best regulation error

15

Control Displacement ) |Aa| Mean|e(k)|
Algorithm Instants
[%] [-] [m]
PI 100 335 0.7
FPI with S P 100 114 0.74
ILQG with S P 100 20 0.7
Poné 2 3.37 1.06

Table 11: Case Study B: performance comparison of algorithms tested on the
WDN with Demand A.

Control Displacement ), |Aa| Mean|e(k)|
Algorithm Instants
[%] [-] [m]
PI 98 22.9 0.55
FPI with S P 98 9.6 0.62
ILQG with S P 98 15 0.6
Poné 2.75 5.55 0.98

Table 12: Case Study B: performance comparison of algorithms tested on the
WDN with Demand B.

first. Then, if possible, tuning was changed to improve the con-
trol cost without degrading the regulation error. All the algo-
rithms accounting for the dynamics of the system work with
a control sampling time of 1 s, trying to compensate for the
instantaneous variations of the pressure generated by demand
and source pressure variations. The percentage of displacement
instants is therefore always 100%. All these algorithms outper-
form the PI on ¢ algorithm in term of regulation error. Note that
PI on ¢ regulation performance suffers more from demand oft-
set variations, while the other algorithms provide more constant
results. The ILOG — S F stands out, providing the best regula-
tion error, with very little variations due to the demand offset.
FPI and ILQG follow with similar performance. The PI algo-
rithm could not properly rejects pressure wave noise and could
only be applied with a reduced closed-loop bandwidth, thus is
the less performing algorithm of the family. As expected, the
cost of control grows with better regulation performances: the
control valve has to move more when trying to compensate for
faster disturbances. The new algorithms perform well also in
the rejection of a demand step variation, with satisfying settling
times and no or very little oscillations in the response, as dis-
cussed in § 6 (fire hydrant opening simulations).

The results for Case Study B are summarised in Tables 11
and 12. Recall that a single tuning of the control algorithm was
performed to cope with two different demand trends. Consider-
ations about the percentage of displacement instants still hold.
Note that a displacement instants of 98% is obtained with de-
mand profile A because of saturation of the actuator (see Figure
22 as example). Again, all the new algorithms outperform the
P on & benchmark. The best regulation performance is deliv-
ered by the PI algorithm. The power of pressure waves, which
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were responsible for its bad performance in Case Study A, is
now distributed over many harmonics. The PI could then be
used with larger closed-loop bandwidths. Still, the cost of reg-
ulation is quite high when compared to /LQG algorithm, which
provides almost the same regulation performance with a signif-
icant reduction of control cost. Note that the results achieved
with the /LQG — S F algorithm are not reported because do not
improve the one achieved without the shaping functions. The
FPI algorithm instead further reduces the control cost, at the
price of slightly worse regulation error.

8. Conclusion

Several model based control techniques for pressure regula-
tion have been successfully implemented and tested with two
different WDN case studies. A detailed numerical model is
used for WDN simulations. The presented algorithms take into
account the dynamic behaviour of the WDN around the nomi-
nal working point by means of a linear model, which is derived
from simulations. All control algorithms improve the state of
the art in terms of regulation error in presence of pulsed nodal
demand. On average, the reduction in the regulation error adds
up to about 40%. Pressure is quickly regulated to the setpoint
even in presence of demand step variations. Note that these
algorithms require very low computational power and can be
easily implemented on low power devices. Their application in
the field is viable in all the cases where the increase in control
cost, which may cause the more rapid wearing of the control
valve, is not a limiting factor. A requirement for the applica-
tion of these algorithms operating with a sampling time of 1
s is the possibility to transfer continuously the pressure head
signal from the remote note to the control valve site. This is
easy in new WDNs, where wiring is already present alongside
pipes. In old WDNs, where the absence of wiring alongside
pipes makes wireless communication necessary, the use of con-
trol algorithms operating with longer sampling times may be
preferable. The study of the presented algorithms with longer
settling times is left as future work.
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