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Flow rate and pressure are variables of great interest in the process control
industry, especially in pumping systems. With the help of modeling and
simulation, it is possible to understand the operation of these systems prior
to their construction, in addition to allowing their behavior to be analyzed in
various operational scenarios and testing different control strategies. In this
work, the hydraulic, mechanical, electrical and electronic models of the
different components of the system are studied. Two study cases for
automatic flow control are assembled, using Simscape library from
MATLAB/Simulink R2019b. This study cases are: i) with a control valve
and ii) with a variable speed drive. The simulations determined that both
cases keep the flow constant in the face of pressure disturbances, with a
good dynamic response. Case 2 consumes less power than case 1, between
24 and 64% less, especially at low flow rates. It also reduce unwanted
mechanical and electrical problems due to sudden starts and stops. Case 2
produced harmonic pollution on both the grid and motor sides, which
implies a potential risk for the motor and the electrical grid. Case 2 was
experimentally validated, obtaining errors of less than 10%.
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1. INTRODUCTION

Pressure and flow control systems are widely used in the pumping, transportation, distribution and
handling of fluids. They are found in crude oil transportation systems [1], in aqueducts for pumping and
water distribution [2], and in pressurized irrigation systems [3], among others. It is common in these systems
to find centrifugal pumps, induction motors, variable frequency drives, control valves, electronic
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instrumentation and controllers, since the combination of several of them allows the implementation of an
automatic pressure or flow control system according to the needs of each application, and a laboratory
experimental application can be seen in [4]. In the case of pumping systems, there are two methods to
regulate the capacity: i) by throttling with a control valve and ii) by varying the speed of the electric pump
with a variable speed drive, the second method being the most efficient [5]. However, this does not mean that
the control valve has lagged behind; on the contrary, it is still considered the most used final control element
in the process control industry [6]. Gevorkov et al. [7] consider that throttling control is still widely used in
industry, and simulated an electric actuator coupled to a control valve for a pumping application, the results
of which determined that the pressure could be regulated by precise position control achieved by the electric
actuator. In the same way, Vijayalakshmi et al. [8], they simulated and implemented a closed loop flow
control using a control valve with proportional integral derivative (PID) algorithm. On the other hand,
Andrade-Cedeno and Perez-Rodriguez [9] simulated a pulse-width modulation voltage-source inverter (VSI-
PWM) type variable speed drive, governed by a scalar control strategy with a constant V/f ratio combined
with the space vector modulation (SVM) technique. The analysis determined that this technology performs
well for applications with induction motors coupled to centrifugal machines such as pumps, compressors and
fans. Several investigations on automatic control in pumping systems have been developed. Shankar, et al.
[10] simulated two centrifugal pumps in parallel at variable speed and studied the pressure and flow response
for various speeds. Furthermore, they determined that a 50% reduction in speed produces an 80% reduction
in power. Gevorkov et al. [11] simulated a constant pressure system on a variable speed centrifugal pump,
adding a pressure sensor for feedback and an automatic proportional integral (P1) controller. The simulated
model was experimentally validated, finding differences in steady state from 7 to 14%. Gevorkov et al. [12]
carried out a mixed simulation and experimentation study of a flow control system with a variable speed
centrifugal pump, using a flow sensor for feedback and a PI controller. The inaccuracy of the proposed model
varied between 0.3 and 4%. In the research by Wu et al. [13], they compared the use of a variable speed drive
(speed regulation) versus the use of a control valve (discharge throttling), and it was determined that the
speed control method requires 37% less power than the discharge throttling method.

This research describes the models of the typical components of a water pumping and distribution
system, made up of: the piping system, centrifugal pump, induction motor, variable speed drive, control
valve, and control system. Using Simscape library from MATLAB/Simulink R2019b, two case studies are
simulated to achieve automatic flow control: i) with a control valve and ii) with variable speed drive. The
dynamic response of the system, the starting current, the harmonic distortion and the power saving are
analyzed.

2. METHOD
2.1. Capacity regulation in centrifugal pumps

Figure 1 shows the characteristic curves of a centrifugal pump with the operating points for different
capacity control methods. In nominal conditions, the pump must operate at the best efficiency point (BEP),
which is very suitable in systems with fixed demand that are well designed and dimensioned. If the demand
changes, the system curve also changes and it operates at a different point of the BEP.
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Figure 1. Methods for capacity regulation in centrifugal pumps

Operating a centrifugal pump too far from the BEP, either to the right or to the left of the curve, can
put the equipment at risk from adverse effects such as cavitation, vibration, impeller damage, suction or
discharge recirculation, and reduced life of seals and bearings [14]. To prevent these problems, the
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centrifugal pump must be operated in the preferred operating region (POR), which is between 70 and 120%
of BEP [15]. When regulating the output of the pump with a control valve, the valve changes the dynamic
head of the system, causing the system curve to intersect with the pump curve at the new operating point.
While on the one hand the throttling reduces the flow rate, on the other hand the pump is forced to produce a
higher dynamic head (higher pressure). When using variable speed control the system curve remains
unchanged, while the pump curve moves down according to the speed change, and the operating point moves
to a new intersection between the two curves. The benefit of controlling the speed of the pump is that the
efficiency drops much less compared to the use of a control valve [16].

2.2. Study cases

Figure 2 shows the two study cases to be simulated. Case 1 is shown in Figure 2(a), where a control
valve with an electric actuator is used on the pump discharge for automatic flow control. Case 2 can be seen
in Figure 2(b), and in this case a variable frequency drive coupled to the electric motor is used. The models
are obtained from the Simscape library of Simulink, in version R2019b of MATLAB. These tools are
specialized in the modeling and simulation of physical, mechanical, hydraulic, electrical, electromechanical,
mechatronic, and automatic control systems.
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Figure 2. Study cases for (a) flow control system based on control valve with electric actuator and (b) flow
control system based on variable speed drive on the pump

2.3. Piping system

For the pipe system model, the pressure loss due to friction is calculated using the Darcy equation.
The friction factor in the turbulent regime is determined with the Haaland approximation. The friction factor
during the transition from laminar to turbulent regimes is determined by linear interpolation between the
extreme points of the two regimes [17].
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2.4. Pumping system

Figure 3 shows the model of the pumping system, made up of the centrifugal pump as the main
component. For centrifugal pump characterization, the performance curves provided by the manufacturer are
used to form two one-dimensional search tables: i) differential pressure vs flow rate and ii) brake power vs
flow rate. Both characteristics are specified at the same reference angular velocity, and at the same fluid
density. To obtain the differential pressure at another angular velocity, the laws of affinity are used [18].
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Figure 3. Pumping system model

2.5. Control valve with electric actuator

Figure 4 shows the integrated model of the control valve with electric actuator. The control valve is
modeled using the flow coefficient provided by the manufacturer [19]. The driving source of the actuator is a
DC motor [20]. The mechanical output of the DC motor enters the ideal, non-planetary, fixed gear ratio
gearbox [21]. The gear ratio is determined as the ratio of the angular velocity of the input shaft to that of the
output shaft. The gearbox output connects to the rack and pinion block, which converts rotational to
translational motion [22]. The DC motor drive has a control component and a power component. The control
component consists of a pulse-width modulation (PWM) system, which receives the signal from the main
control system to adjust the trigger signals to the power component. The power component consists of power
semiconductors (usually BJTs, MOSFETS, or IGBTS) in an H-bridge connection scheme.
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Figure 4. Model of control valve with electric actuator
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The PWM system modulates the switching of the power semiconductors, thus controlling the
polarity and amplitude of the voltage fed to the DC motor, and therefore its speed and rotational direction
[23]. The main control system for the linear electric actuator consists of a three-loop cascade control. The
innermost loop is a PI controller of the motor current, whose feedback signal is achieved by a current sensor,
and directly modifies the PWM signal going into the H-bridge. The middle loop consists of a PI controller of
the motor speed, which is fed back from a speed sensor. The outermost loop is for linear position control of
the system, and receives feedback from a linear position sensor. For fast response and safe operation, each
control system loop must be precisely designed [24], [25].

2.6. Induction motor

The induction motor is based on the asynchronous machine model. The stator and rotor windings are
Y-connected with internal neutral. A sixth-order state space model for the double-cage machine and a fourth-
order state space model for the single-cage machine represent the electrical component. The mechanical
component is modeled as a second order system. All electrical variables and parameters are referred to the
stator; furthermore, the stator and rotor quantities are in an arbitrary two-axis frame of reference [26]. The
two-axis reference frame, known as the dq reference frame, is the result of applying the Clarke and Park
transforms [27]. The induction motor is used in two schemes: with direct connection to the grid (frequency
and nominal speed, Figure 5(a)), and as a part of a variable speed drive (frequency and variable speed,
Figure 5(b)).
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Figure 5. Three-phase induction motor models with their drives and meters for (a) direct connection to the
grid and (b) variable speed drive system
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2.7. Variable speed drive

The variable speed drive model is based on the block drive AC2 “Space vector PIWM VSI induction
motor drive”, which contains an asynchronous machine controlled by a variable frequency drive [28]. The
asynchronous machine is configured as a three-phase induction motor, and its variable frequency drive
contains the following components: the three-phase rectifier formed by diodes; the DC link formed by a
capacitor; the three-phase inverter formed by IGBTSs; and the control system formed by a speed controller
and a space vector modulator (SVM) [29], as shown in Figure 6(a).

The control system has a closed-loop speed control, made up of the classic V/f scalar control plus a
slip compensator based on a PI algorithm [30], as seen in Figure 6(b). The speed control loop receives the
speed reference (N) and subtracts it from the current speed (N) measured with the speed sensor, to obtain the
motor slip (speed error). Then, the PI algorithm computes and compensates for the slip in the current speed
(N). The PI compensator parameters, K, and Ki, were tuned using the Ziegler-Nichols method.
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Figure 6. AC2 drive model block diagrams for (a) general block diagram and (b) block diagram of
control system

The frequency reference (Freq™), and the voltage reference (Volts™), are obtained from the constant
V/f ratio block, and are used as inputs to the space vector modulator (SVM) stage, as seen in Figure 6(b). The
SVM technique starts with a three-phase signal generator, whose signals are then converted to the of
reference frame using the Clark transform block. This is necessary to run the SVM algorithm, which
produces the controlling signals of IGBTs. SVM has better performance than other PWM techniques because
of better utilization of the DC bus and least harmonic distortion production [31].

2.8. Automatic control system

Figure 7 shows the block diagram of the automatic flow control system, when a control valve with
an electric actuator is used (Figure 7(a)), and when a variable speed drive is used (Figure 7(b)). In both cases,
the main control loop is executed with the Pl flow controller, which commands the controls embedded in the
electric actuator or in the variable speed drive (described above). Feedback is achieved with a flow
transmitter (flowmeter).
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Figure 7. Block diagram of the automatic flow control system for (a) based on control valve and electric
actuator and (b) based on variable speed drive

3. RESULTS AND DISCUSSION

For simulation, a 110 gpm @ 32 m centrifugal pump was used, with a 5 hp, 3 ph, 220 V, 60 Hz,
3450 rpm induction motor, in addition to a globe type control valve, equal percentage, 2 inches and Cv of
33.2.

3.1. Dynamic response of the control system

Figure 8 shows the dynamic response of several variables of interest, for the two cases studied. Both
cases met the objective of maintaining constant flow at a set point of 70 gpm, in the face of pressure
disturbances produced by the disturbance valve. The control system specifications, such as the response time,
overshoot and position error, will depend on the requirements and characteristics of each process to be
controlled.

In case 1 (Figure 8(a)), with the pump at nominal speed and the control valve in discharge, the
mechanical and hydraulic variables of the pump remained more or less constant during the steady state, with
transients produced by pressure changes. The pressure drop across the control valve resulted from the
difference between the pump discharge pressure and the system pressure, and increased when the control
valve had a lower position. This pressure drop represents energy losses for the system [13]. Also observed
was the dynamic response of the three variables from the cascade control of the actuator: current (internal
loop), speed (medium loop), and position (external loop). The response time was lower the more internal the
control loop was, which is required for the adequate performance of the cascade control [24].

In case 2 (Figure 8(b)), there was no restrictive element in the pump discharge, and the speed was
automatically regulated to meet the flow requirement in the presence of pressure disturbances. The speed, the
total dynamic head and the torque increased or decreased as the pressure disturbance did. This action allows
power saving compared to case 1. In addition, the slip remained at zero thanks to the slip compensator part of
the control system of the variable speed drive. This helps improve the operating performance of the induction
motor [32].
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Figure 8. Dynamic response of several variables of interest for (a) case 1: fixed speed pump with control
valve with electric actuator and (b) case 2: variable speed pump with the use of variable speed drive

3.2. Operational efficiency, consumption and power savings

Table 1 shows a register of the various hydraulic and mechanical variables of interest. With the flow
and pressure data the hydraulic power was calculated, with the torque and the angular speed the mechanical
power in the shaft was obtained, and with these results the efficiency of the pump was calculated. In all
scenarios, it was possible to meet the set point, but case 2 did so with greater variability. Reducing the set
point reduced the efficiency of the pump, more significantly in case 1. With respect to mechanical power
consumption, case 2 consumed less power than case 1, and this difference increased when reducing the set
point. With this, a saving in mechanical power of case 2 was obtained with respect to case 1, from 24 to 64%.

In this analysis, the effect of the variable speed drive was not considered, given that under nominal
conditions electric motors are more efficient than pumps, and variable speed drives more efficient than
motors. However, the efficiency of the motor can change with variations in load torque and speed [33]-[35].
Burt et al. [35] analyzed that the efficiency of the electrical system with variable speed drive can be reduced
by up to 8% compared to the system with direct connection to the grid. However, the study concluded that
this reduction is not significant in relation to the energy savings achieved with a variable speed drive, since
the drive adjusts the speed of the process to the changing demand conditions.
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Table 1. Operational data recording

Angular Pump Shaft
Set Flow rate Pressure speed Torque efficiency power Power
point Case Case Case Case Case Case Case Case Case Case Case  Case saving
1 2 1 2 1 2 1 2 1 2 1 2
gpm gpm gpm psi psi pm rpm Nm Nm % % kw kw %

100 100 100.00 35 35.01 3440 3080 867 7.33 73.81 74.55 312 236 24.34
100 100 100.00 30 30.01 3440 2924 867 6.78 73.81 74.41 312  2.08 33.55
100 100 100.10 25 25.00 3440 2758 867 6.21 73.81 74.03 312 179 42.58

70 70 70.00 35 3499 3459 2875 754 561 65.90 70.67 273  1.69 38.22
70 70 70.01 30 30.00 3459 2707 754 510 65.90 72.00 273 145 47.08
70 70 69.99 25 25.00 3459 2528 754 458 65.90 73.24 273 121 55.62

40 40 40.07 35 35.03 3478 2742 640 425 46.66 55.03 233 122 47.66
40 40 39.93 30 29.96 3478 2562 6.40 3.78 46.66 57.19 233 101 56.43
40 40 40.11 25 25.04 3478 2376 640 3.34 46.66 59.87 233 0.83 64.35

3.3. Starting current and harmonic distortion

Figure 9 shows the waveforms of the currents and voltages of the induction motor during the
starting process and in the stable state. Figure 9(a) shows the direct on-line starter (DOL) through direct
connection to the grid (case 1), where the transient lasted approximately 250 ms (15 cycles). It is seen that
the starting current was about 7.4 times the steady state current. On the other hand, Figure 9(b) shows the
starting process through an acceleration ramp of 3600 rpm/s, provided by the variable speed drive (case 2). In
this second case, the starting current did not exceed 2.8 times the steady-state current. When a pump operates
at variable speed (case 2), the waveforms of the voltages and currents, on both the drive and the motor side,
are as shown in Figure 9(c). The total harmonic distortion (THD) was obtained using the fast fourier
transform (FFT), a tool of the specialized “powergui” block of Simulink. On the line side, a THDi of 82.69%
and THDv of 4.31% were obtained, and on the motor side, a THDi of 20.55% and THDv of 48.42% were
obtained. The variable speed drive (case 2) affects the quality of the energy on the motor and grid side.

3.4. Experimental results and model validation

Figure 10 shows case 2 experimental setup. The module is made up of a Gould 3656 centrifugal
pump with a Baldor IMM3212T induction motor, electrical panels, control panel, and instrumentation. The
control panel contains an ABB ACS310 variable frequency drive (VFD), and an XT sensor TUF-2000M
ultrasonic flowmeter. The flow transducers, pressure transducer, and pressure gauge were installed in the
discharge pipe. The flow transmitter and pressure transducer were connected with the analog inputs of the
VFD, using 4-20 mA signals. The control algorithms (PI flow controller, Pl slip compensator, V/f scalar
control, and space vector modulation), were configured on the VFD. For data collection, a Dell Inspiron PC
was used, with an Intel Core i7 processor and Windows 7 operating system, interconnected with the VVFD and
the Hantek 6022BL digital oscilloscope. The specifications of the centrifugal pump, at nominal conditions,
are: capacity=110 GPM, total dynamic head=32 m, speed=3500 rpm, efficiency=75%. The selected three-
phase induction motor has the following specifications at rated conditions: output power=5 hp (3.73 kW),
voltage=208-230/460 V, current=13-12.2/6.1 A, speed=3450 rpm, frequency=60 Hz, power factor=89%,
efficiency=85.5%. The ultrasonic flowmeter has the following specifications: accuracy=+1%, temperature=-
30~160 °C, flowrate=0~+7 m/s, damping=10 s, output signal=4-20 mA, power supply=8 a 36 Vdc.

Figure 11(a) shows the pressure, flow, speed, and torque trend graphs during the experimental test,
data obtained from the VFD using ABB's DriveWindow Light software. Since the software only graphs in
percentages, all four variables were converted to percentages based on the range of the measurement. For the
test, a set point of 50 GPM (46.67%) was set, and the manual valve in the pump discharge was manipulated
to generate up and down pressure disturbances. As can be seen in Figure 11(a), the control system fulfills its
objective of keeping the flow rate constant at the set point, in the face of pressure disturbances. In the
transient state, the overshoot was less than 10% and the settling time was less than 20s, mainly influenced by
the flowmeter time constant (10s) and PI flow controller parameters.

Figure 11(b) shows the pressure, flow, speed, and torque trend graphs resulting from the simulation,
observing the similarity with the experimental results. Simulink models parameterization was done using
equipment plate data and manufacturers' technical specifications. The parameterization of the centrifugal
pump was carried out with the performance curves obtained from the catalog. In the case of the induction
motor, the parameterization was done by entering the nameplate data into the optimizer provided by the
asynchronous machine block in Simulink. For the simulated flowmeter, a transfer function of a first-order
system with a time constant of 10 s was considered, to be consistent with the damping of the real-world
flowmeter. Table 2 shows the relative error of the simulation concerning the experimentation for the steady-
state condition, observing that, in none of the cases, the error exceeds 6%.
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Figure 9. Currents and voltages at startup and steady state for (a) direct start, (b) soft start by means of the
variable speed drive, at 3600 rpm/s, and (c) steady state signals when operating with variable speed drive

Figure 10. Experimental setup of flow control system with variable speed drive (case 2)
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Figure 11. Model validation for (a) experimental results and (b) simulation results

Table 2. Hydraulic and mechanical variables validation

120

Simulation Experimentation Relative error
Pressure Flow Speed Torque Freq. Pressure Flow Speed Torque Freq. Pressure Flow Speed Torque Freq.
% % % % Hz % % % % Hz % % % % %
48.07 46.67 928 67 58.05 485 469 962 637 594 0.89 049 353 518 227
2225 46.67 4424 20.33 27.26 21.9 469 418 21.1 26.5 16 049 584 3.65 287
33.35 46.67 69.27 4122 4291 328 46.8 70.42 41 44.3 1.68 028 163 054 314

Figure 12 shows the electrical variables obtained with the oscilloscope during the experimental tests.
What was predicted in the simulation concerning the starting current is corroborated, being more abrupt in
the direct starting (Figure 12(a)), and softened when the acceleration ramp of 1s is configured in the VFD
(Figure 12(b)). Therefore, the use of a variable speed drive limited the starting current by 62%, which is
advantageous to prevent some hydraulic, mechanical, and electrical problems, such as water hammer and
pressure surges [36], vibrations in the pipes [37], voltage drops in the motor and the electrical grid [38], and

mechanical stress that reduces the useful life of the motor [39].

The line-side current has high harmonic distortion (Figure 12(c)), and a non-symmetrical waveform
is observed, unlike what was obtained in the simulation. This asymmetry is due to the voltage unbalance in
the power supply to the VFD [40]. The motor-side current is closer to the sine wave (Figure 12(d)), with the
characteristic ripple produced by semiconductor switching. The line-side voltage has the lowest harmonic
distortion among all the analyzed waves (Figure 12(e)), corroborating what was obtained in the simulation.
The voltage transients on the motor-side, produced during the switching of the power semiconductors, are not
observed in the simulation but are appreciated in the experimentation (Figure 12(f)). This leads to the
phenomenon of the reflected wave, which is amplified if the distance between the VFD and the induction
motor increases, generating damaging overvoltages for the conductors and the induction motor, and
damaging overcurrents for the VFD [41], [42]. The motor-side voltage also has a high harmonic distortion as
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a consecuence of the PWM control signal. Harmonics affect the power factor and efficiency of the induction
motor and can also affect the behavior, reliability, and useful life of some of its mechanical components [43].
Harmonic pollution also affects the electrical grid and equipment connected to it, causing overload and
overheating in transformers, as well as unwanted tripping of electrical protections, affecting lighting systems
and causing interference in electronic equipment and communication systems [44]. Harmonics can be treated
by implementing filters [45]. The validation of the electrical variables is shown in Table 3, where it is
observed that the relative error of the simulation results does not exceed 10% concerning the real

experimental data.

£ B -11omv

/MMM s

CH1= 500mV

(d)

®

Figure 12. Oscilloscope waveforms for (a) direct start current, (b) soft start current (acceleration ramp set
in 1s), (c) line side current at 60 Hz, (d) motor side current at 60 Hz, (e) line side voltage at 60 Hz, and
(f) motor side voltage at 60 Hz

Table 3. Electrical variables validation

Simulation Experimentation Relative error
Line  Motor Line Motor Freq Line  Motor Line Motor Freq Line  Motor Line Motor Freq
Current Current Voltage Voltage " Current Current Voltage Voltage " Current Current Voltage Voltage '
A A \ \ Hz A A \ \ Hz % % % % %

12.3 10.9 220 244 60 11.2 9.9 222 246 59.8 9.82 9.8 0.9 0.73 0.33
Note: RMS values at steady state condition
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4. CONCLUSION

In this research, the models of some hydraulic, electromechanical, and mechatronic components
belonging to the Simscape libraries in Simulink were studied. These models were integrated to form automatic
water flow control systems, based on two case studies: with a control valve (case 1) and with a variable speed
drive (case 2). In both cases, the goal of maintaining a constant flow in the event of pressure disturbances
generated in the system was met. These case studies do not correspond to a specific process or industry, where
there may be specific requirements for the performance of the control system. In those scenarios, a suitable
control must be selected and the control system must be carefully designed and configured. Case 2 has some
advantages over case 1: at low flow rates, it is more energy-efficient and has less impact on current and torque
transients due to the acceleration and deceleration ramps configured in the variable speed drive. A disadvantage
of case 2 is the production of harmonics on both the motor and grid sides, which can be reduced with the
implementation of harmonic filters. Case 2 model was validated through experimentation, obtaining errors of
less than 6% for the hydraulic and mechanical variables, and less than 10% for the electrical ones.
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