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Optimal Efficiency Controller Design of Pumping Systems

Samir Nassiri, Moussa Labbadi, Chakib Chatri, and Mohamed Cherkaoui

Abstract— This work presents a strategy to design an optimal
efficiency controller for a complete water pumping system,
aiming for both high dynamic performance and high efficiency.
The novelty of the developed model is based on an optimisation
strategy where a compromise is made between minimizing the
electric motor power losses and accurate adjustment of flow rate
by balancing efficiency and reliability through adjusting the
operation point of the pump. To accomplish this goal, this paper
presents the design of an optimal controller which integrates
both the Minimum Electric Loss (MEL) control strategy,
and the Linear Quadratic Regulator (LQR), augmented by
adding integral action and tuned using an adaptive Genetic
Algorithm optimization tool (GA). In order to further verify
the accuracy of the proposed technique, three performance
indices as compared to the conventional PI controller in terms
of control input and disturbance rejection. Finally, simulation
tests performed show that the proposed optimal can effectively
improve the adaptability and flexibility of the water pumping
system to several complex working conditions and also has
the ability to reduce energy conversion efficiency, leading to a
significant impact on energy savings.

Index Terms— optimal controller, pump, valve.

I. INTRODUCTION

Pumps powered by asynchronous three-phase electric mo-
tors represent a significant part of the industry, being used
for liquid transfer and delivery. Pumping systems, especially
centrifugal pumps, consume roughly 30% of the energy
requirements in the industrial sector. Such a motor-pump
system converts the electrical power into the pressure energy
of a liquid that comes from the volute casing. In most cases,
this form occurs in the motor windings, motor bearing frame,
stuffing boxes, mechanical seals, friction, throttle valve, and
other losses in the volute, pipeline, and impeller [1]. To
ensure high efficiency and to decrease the energy consump-
tion of the pump system, including a centrifugal pump
and an induction motor (IM), it is necessary to minimize
power losses in the overall pump system. Special attention
is paid to the important role of variable speed drives (VSD)
[2]. The optimization of variable-speed pumps to achieve
maximum efficiency of the pump system is a challenging
due to the constraints of the system, evolutionary algorithms
have been widely concerned by researchers to solve the
optimization problem such as, Genetic algorithms, simulated
annealing, particle swarm optimization, ant colony opti-
mization; fuzzy optimization, golden section search (GSS),
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neural-network-based methods, Multi-objective optimization,
convex problems, and multidisciplinary optimization. Most
of these methods are emerging as certain characteristics of
neurobiological systems, swarm of insects, and molecular for
the solution of complex engineering problems [3]. A review
of different efficiency improvement schemes in this regard is
presented in [4]. Besides, Using evolutionary algorithms can
decrease the robustness of the solution, especially under the
effects of uncertainty. Therefore, for more robust, stability,
and good fastness, control are necessary to minimize instabil-
ity, guarantee a fast response, increase disturbance rejection
performance and reduce the operating cost [5]. Many tech-
niques have been designed, such as intelligent fuzzy logic
control, Hybrid control techniques, neuro-fuzzy technique,
discrete-time neural inverse optimal control, sliding mode
controller, model predictive torque control, fractional order
terminal SMC, and optimal control. Over the last few years,
researchers have been exploring the optimal control, espe-
cially the linear quadratic regulator (LQR) which is one
of the most important issue of modern Control Theory [6].
The LQR technique are becoming increasingly popular in an
industrial process control, which has simple mathematical
processes, easy implementation without prior knowledge,
and can achieve closed loop optimal control with the linear
state feedback or output feedback. Many researchers use
of advanced methods in determining the weight matrices.
However, they faced difficulties and do not guarantee the
expected performance. To surmount these difficulties and for
enhancing the control performance, in most recent studies,
the genetic algorithm GA approach is added to the LQR for
selecting the optimal Q and R matrices, since it is a practical
alternative to obtain the control parameters, and provide a
powerful technique for tuning optimized parameter method.
On the other hand, the optimal operating power efficiency
cannot be guaranteed only by varying the speed of the pump.
Reducing operating losses in an induction motor with optimal
control is also required to achieve electrical energy savings
for hydraulic systems [7]. A number of research studies
have been conducted to investigate how to minimize the
energy consumption of IM. A minimum electric loss model
(MEL) was developed in [8]. The main contributions to this
paper are as follows: We design optimal efficiency controller
system integrates MEL condition and LQR augmented by
adding integral action and tuning by GA; We present the
mixing two-mode control valve and the speed control aiming
to get a suitable operating mode by balancing efficiency and
reliability.



II. SYSTEM MODEL

A. Modeling of the Asynchronous Electrical Motor

The mathematical modelling and analysis of the dynamic
performance of a squirrel-cage induction motor can be ob-
tained by using (d—q) synchronous rotating reference frame
with the rotor flux space vector [7]. The total power losses
of the induction machine are divided into winding losses
and core losses, which are fully explained in [5]. On the
basis of [8], we applied the condition for the field orientation
Vsa = Vs, Psq = 0, the total motor losses can be described
in terms of d-and g-axis current components as follows:
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where cp. and cg, are the stray and iron loss coeffi-
cients, respectively. The decoupled control of the d-and
g-axis stator currents gives the developed electromagnetic
torque:
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The main specifications of the components used in this
investigation are mentioned in Table I.

TABLE I
SPECIFICATIONS OF THE COMPONENTS.

Component \ Specifications

Electrical Max. power of the motor: 1.1 KW. Nom-

Motor inal speed 2800 rpm; L, = 0.029; R, =
5.313; Ls = 0.029; Rs = 6.959; L., =
0.6786; J = 0.6786; b = 0.00114.

Centrifugal Nominal speed 1770 rpm, pump’s param-

Pump eters all defined in MATLAB by approxi-
mating polynomial

Pipeline Nominal diameter: 0.0381 m (1.5 in).
Length: 10 m

Control Proportional Valve Nominal diameter:

Valve 0.0381 m

B. Modeling of the Centrifugal Pump

The centrifugal pump is connected to a pipeline, which
transfers water from a feeder tank to an upper reservoir. A
flow rate regulation is generated by a throttling valve, which
is located at the inlet of the pump and is used to generate an
external perturbation to the control system [2]. The system
characteristics of a centrifugal pump can be approximated by
the polynomial of pressure differential /I which is created
by impeller rotating speed:

H = (aw; 4 bQuwr + cQ?) = kiw}, 3)

where @), a1, as, and a3 are output flow rate and polynomial
coefficients for pump which can be approximated with plot-
ting and fitting (3). The centrifugal pump opposes a resistant
torque proportional to the square of angular velocity of the
motor (the rotor speed) and flow.

T, = kyQuor @)

where k), is the centrifugal pump constant which depends
on pump nominal data.

C. Modeling of the Pipe System and Valve

The resistance of the piping system must be calculated
to find the operating pressure head of the system. The
expression of the pressure loss generated in pipelines are
defined by means of the Darcy-Weisbach formula [3], [?],
[6].

Hlosses = k2Q2 (5)

where ko is the constant of losses which can be obtained by

plotting and fitting the losses generated in the pipeline (2).
The flow through the control-valve in the hydraulic system
can be calculated by means of [5]

Ap,
p

where k,, is the constants of the valve determined by the

valve manufacturers, Ap, is the pressure difference across
the valve and A (z) is usually a nonlinear function as a
function of the stroke of valve x that expresses the change
in the cross-section of the valve. Replacing (3) and (5) into
(6), the @ flow rate is given by:
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where: ks = 10 o, and kg = 120 ’;0 From Eq (9), it can be

concluded that the ) flow rate depend on the relative value
of the control valve stroke = and the rotor speed.

III. CONTROLLER DESIGN AND ANALYSIS

The proposed technique aims to design an optimal con-
troller to achieve the highest efficiency of the pumping
system. The first part is to minimize the amount of electrical
input power under the hydraulic system constraint. For this
reason, and for maintaining pressure H and flow @ to be
constant (the mechanical power is constant), it is possible
to reduce the loss of machine, by minimizing the value of
the electric losses, in this case considering that both the
electromagnetic torque 7, and w, are constant with respect
to isq current. The electric loss minimization condition is
given by [7]
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and the electromagnetic torque with respect to 744 current.
oT.
i |wT:constA: 0. (9)
sd

The MEL condition is obtained by using the above condi-
tions, in this case, substituting (1) into (9), and using (10),
we obtain:
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and T}y = L/ 55=. From Eq (11), it’s clear that the optimal
reference value of the rotor flux in field-oriented (d,q) system
is guaranteed by the direct stator current isq,,,, and it can
be concluded that the factor 7;7w? can decrease the iron loss

by reducing the field current.

The second part is based on the calculation of the net
mechanical torque of the induction motor, which is a sum of
torques about the common axis of the motor and the water



pump, a dynamic nonlinear model of the moto-pump and
pipeline system is written as follows:
dw. 3 L2

— Zym 11
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The equilibrium operating point of the motor—pump system
is obtained when i

Wi

dt

and the MEL condition that determines the optimal d-axis
component is given by

J
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The third part is based on the linearization of the dynamic

model of the pumping system around the equilibrium op-
erating point in state space. The state equations expressed
as non-linear differential equations X = F(X,U, D), where
X = AX+BU+ ED,and Y = CX; with X, U, Y and
D refer to the state vector of the the dynamic model of
pumping system, the input, control output, and disturbance
vector, respectively, and A, B, C, E are the linear system
matrix,

A:%|Xd,B:§7§|UdandE:§7)F(|Dd. (15)
and
T
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where the throttle valve is a perturbation induced in the
pipeline.

The next step is to construct an optimal regulator to
achieve the best control performance for the system.

In fact, an LQR linear regulator has the best control
performance among various linear controllers [9]. The LQR
regulator is a state-feedback control system that computes
the optimal feedback gain matrix based on the desired
location of poles, which is used to minimize the quadratic
cost function (J):

J— / (XETQXE + ucTRuC) dt; (16)
0

where () and R represent the weighting matrix for state
X (t) and control input w (t) respectively, which are set as
positive. The proper selection of matrices ) and R define
the optimal matrix gain K of the closed loop optimal control

law
uc = —KXe; 17

where X, = X,y — X, and K = R~'B" P with P obtained
by solving the algebraic Riccati equation in the steady state
AP+ PA—-PBR'B'P+Q=0. (18)

A command in Matlab for LQR control system design is
used once the model of the pumping system has been lin-
earized, and the matrix values of its state space representation
have been determined.
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Fig. 2. Electric loss of the motor with adjusting the stroke of the throttle
valve and rotational speed.

In order to find the maximum possible efficiency, the
Genetic Algorithm (GA) in the context of the LQR controller
can be implemented to find new optimal controller gains
by optimal tuning of the weight Q and R matrices to
get satisfactory closed loop poles via the LQR controller.
The genetic algorithm (GA), described by John Holland in
the 1970s, is a new metaheuristic algorithm inspired by
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Fig. 3. Mechanical power of the motor with adjusting the stroke of the
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Fig. 5. Time response of speed response of different control techniques
with adjusting the stroke of the throttle valve.

the biological evolution process. These biologically inspired
algorithms are regarded as the global optimisation technique
because they have a very powerful potential in solving real
and practical applications in control systems. [5].

IV. SIMULATION RESULTS AND DISCUSSION

The whole control system applies adaptive genetic al-
gorithms and is performed by using MATLAB® and
SIMULINK® workspace. The simulation studies have been
carried out on a system consisting of an asynchronous
electric motor connected to the power grid using PWM
converters with the space vector control technique, centrifu-
gal pump, ball-valve, and pipeline with two tanks (suction
and delivery) and in two different cases: (a) with a non-
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Fig. 6. Time response of the responses of error of the state using sudden
closing of the throttle valve.
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Fig. 8. Time response of flow rate of without optimal control technique
using sudden closing of the throttle valve.

optimized controller (PI), and (b) with an optimized con-
troller (MEL-LQR-GA). The parameters of the asynchronous
electric motors, centrifugal pump, pipeline, and valve system
are mentioned in Table 1. As explained in the previous
section, the adaptive Genetic Algorithm optimization tool
in MATLAB can find the state optimal weighting matrix,
Q, and the input optimal weighting matrix, R, to achieve
satisfactory closed loop poles via the LQR controller and
the optimal gains, K and Kg, for the maximum possible
global efficiency of the motor-pump system. The results from
the GA program are calculated for about 200 generations.
In the second phase, the performance of the MEL-LQR-
GA is tested in the presence of external disturbance. The



TABLE 11
OPTIMIZED RESULTS (MEL-LQR-GA)

w (rad/s) [ n(%)Motor  n(%)Pump  1n(%)Motor-Pump  Power Losses (W) Q (107"m%/s) H (m) Valve Opening (%)
240 37.88 7849 69 105.7 17.68 35 5543
230 87.70 78.09 68.50 105.9 17.57 31.76 58.11
220 86.43 76.84 66.43 106.20 18.81 27.6 68.17
200 79.78 75.52 60.28 131.1 18.07 22.19 74.18
185.35 71.81 74.18 53.31 169.1 17.57 18.48 80.25
180 69.55 72.48 50.33 181.5 18.38 16.62 91.18
TABLE III
NON-OPTIMIZED RESULTS
w (rad/s) [ n(%)Motor  n(%)Pump  n(%)Motor-Pump  Power Losses (W) Q (10™*m®/5s) H (m) Valve Opening (%)
240 79.86 78.29 62.52 162.4 13.81 37.26 41.2
230 79.51 78.45 62.35 165 15.14 33.16 48.55
220 79.89 78.03 62.27 150.1 16.14 29.4 55.89
200 79.44 75.73 60.21 166.7 17.81 22.34 74.18
185.35 71.76 74.09 53.13 170.6 17.69 18.49 83.1
180 65.19 75.48 49.20 200 15.59 18.48 70.71
% w clear that figs. 2, and 3 prove the utility of the optimization,
80 |- Wilhou! Optimat-Conto which shows that the optimized control had superiority over
or 7 the non-optimized control when adjusting the stroke of the
ol il throttle valve and the angular speed. It can be observed that
gor ] there is a considerable reduction in the electric loss of the
gzz 1 motor and an increase in the mechanical power at the pump
ol | shaft.
s . Consequently, the optimized control also creases the flow
o ; s . : . e rate and minimizes the input power at different values of
Time (seconds) percentage valve stroke and different values of rotor speed
Fig. 9. Integral of time multiplied by absolute error using sudden closing compared to the non-optimized control, as can be seen in

of the throttle valve.

performance of the designed control can be assessed through
integral of time multiplied by absolute speed error (ITAE).
The Fig. 1 shows a comparison between the optimized and
non-optimized overall efficiency at a reference speed of
220 rad/s, when throttle valve is initially Closed or initially
opened. It can be observed that the system global efficiency
is improved by the proposed technique controller, reaching
a 7.49% increase when the throttle valve stroke is opened
from 38% to 100%.

Fig. 2 shows the power losses of the proposed controller
in comparison with the conventional PI controller at different
values of rotor speed with adjusting the stroke of the throttle
valve. In the case when the throttle valve stroke is opened
from 38% to 100%, the loss of the proposed control strategy
is lower than the conventional PI.

The mechanical power delivered to the pump shaft for
different values of rotor speed with adjusting the stroke of the
throttle valve can be obtained from the curves presented in
Fig. 3. As shown in the figure, the required mechanical power
of the proposed controller significantly increases compared
to the conventional PI when the throttle valve stroke is
opened from 38% to 100%. Based on these results, it is

Figs. 4.

Fig. 5, shows the resulting performance of the proposed
optimal control under the effect of variable rotational ve-
locities and throttle valve stroke. A variable reference speed
decreased from 240 to 185.35 rad/s and then increased from
185.35 to 250 rad/s. For some certain set points and when
the rotational velocities and throttle valve stroke change, the
non-linearity of the controlled variables by PI are changed,
unlike our proposed controlled.Therefore, we conclude that
the proposed control scheme improves flexibility against
variable-speed and throttling valves compared to the non-
optimized control. In addition, Tables I-II recapitulate the
simulation results of the water pumping system for variable
rotational speed with the stroke of the throttle valve in terms
of the efficiency, power losses, flow rate, and head of the
optimized and non-optimized water pumping systems. As
can be seen, when the two controls are set at 240 rad/s
with variation of stroke valve, a considerable reduction in
power losses is achieved, reaching a 34,914% reduction,
and consequently, the efficiency of the motor is increased
by 10,043% and the flow rate is increased by 28,023% in
this case. From Tables I-II, it can be observed that when
the speed of the motor is set at wy = 230r/s with the
stroke of the throttle valve for an optimized controller at
58.11%, the efficiency of the pumping is 78.09%, compared



with 78.45% for the non-optimized case of 48.55%. The
results demonstrated that adjusting the operation point of the
pump by regulating both the stroke of the throttle valve and
the variable-speed drive offers a suitable operating mode by
balancing efficiency and reliability. It is noticed that the table
I indicate the maximum possible efficiency of the pumping
is 78.49%, the squirrel-cage machine is 87.88% and the
whole motor-pump system is 69% when the stroke of the
throttle valve at 55.43% with speed wy = 240r/s. This is the
maximum possible efficiency that can be obtained with the
gains found with the adaptive genetic algorithm. According
to the findings, adjusting both the speed and the valve has a
significant impact on power losses and the operating region,
which can be expanded.

Figs. 6, show the comparison of the error of the state e,
under the influence of the perturbation induced in the pipeline
by suddenly setting the throttle valve at a stroke from 89.3%
to 25%. It can be observed that the proposed control strategy
regulates the error of the state e after the disturbance with
a settling time of error of 0.3, compared with 1.3 for non-
optimized control, as shown in Fig. 6.

In Figs. 7 and 8, show the flow rates of the optimized
and non-optimized control respectively under the influence
of the perturbation induced in the pipeline by suddenly
setting the throttle valve at a stroke from 89.3% to 25%.
The flow rate returns to the desired value in approximately
0.6 seconds compared with 0.9 seconds for non-optimized
after the perturbation of a 89.3% sudden closing of the
throttle valve, 0.4 seconds compared with 0.6 seconds for
non-optimized in the case of 78.57% sudden closing, 0.377
seconds compared with 0.75 seconds for non-optimized in
the case of 67.86% sudden closing, 0.366 seconds compared
with 0.74 second for non-optimized in case of 57.14%
sudden closing, 0.363 seconds compared with 0.76 seconds
for non-optimized in case of 46.43% sudden closing, 0.358
seconds compared with 0.85 seconds for non-optimized in
case of 35.71% sudden closing, and 0.356 seconds compared
with 0.98 seconds for non-optimized in case of 25% sudden
closing.

The performance indices ITAE of the two candidate con-
trols for different values of percentage valve stroke and under
the influence of the perturbation induced in the pipeline
by suddenly setting the throttle valve are presented in Figs
9. The comparison shows the proposed technique is the
best candidate since it renders the flattest error profile and
the lowest error and can effectively improve the rejection
performance of the disturbance when compared with a non-
optimized controller, and consequently, the pump-system can
be balanced robustly using the proposed technique.

V. CONCLUSIONS

The paper discusses an optimal efficiency control scheme
that is designed and implemented to operate the motor-
pump system in the region of best efficiency. We present the
mathematical models of hydraulic pump systems, an asyn-
chronous electric motor coupled with a centrifugal pump, a
pipeline system, and the flow control valve. The proposed

controller system is implemented by integrating MEL, and
LQR augmented by adding integral action and tuned using
an adaptive GA optimization tool. The whole control system
is simulated in MATLAB® SIMULINK® workspace and
the results show that the optimal controller allows, at the
same time, the maximization of the overall efficiency and
stabilization of the discharge flow rate for every operation
point of the pumping system, and under a disturbance caused
by a throttle valve acting on the pipeline. The operating
efficiency of the pump and providing the minimum electric
loss of the IM depends not only on the adjustment of the
rotational speed but also on both variations of the pump
rotational speed and valve regulation. In the event that
the system has to move to a new operating point, the new
steady state conditions appear and the two optimal controllers
(MEL and LQR) can follow the variation of pump rotational
speed and valve regulation. They will cooperate to find the
new optimal operating point at which both the minimum
electric losses of the induction motor and the accurate
flow rate are attained. Thus, maximum efficiency of the
whole motor-pump system is achieved. Finally, to validate
the performance and effectiveness of the proposed control
scheme, a comparative analysis with the conventional PI
controller can be assessed based on the performance indices
of ITAE. The comparative results show that the proposed
controller is more beneficial from the dynamic stability, and
transient response of the motor-pump system in the presence
of a perturbation point of view than the conventional PI. It is
concluded that optimal controller are especially helpful for
improvement of pumping system’s efficiency and reliability.
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