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Abstract

:

This study presents the analysis and modeling of the optimal connection between an asynchronous three-phase electrical induction motor and a horizontal centrifuge used in olive oil extraction. The simulation, carried out using the well-established Simscape Electrical by Matlab R2024a, offers the advantage of reducing the purchasing cost of the electronic drivers and electric motors to be tested. Different connection cases among the electronic motor driver, the electric motor, and the horizontal centrifuge were examined. The findings indicate that the oversizing of the electric motor is required to increase the machine efficiency and to reduce the overall specific energy consumption; however, the asymptotic behavior of the specific energy consumption, being related to the motor power, places a limit on the motor oversizing. Indeed, raising the motor power reduces the specific energy consumption; however, this effect can be unimportant if considering the higher cost involved in purchasing both the electrical motor and the electronic motor driver. The results show that an overall percentage saving of specific energy consumption of 3.1% and 4.0% can be achieved with a slight (7.5 kW) and a medium (11 kW) oversizing of the electric motor, respectively.
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1. Introduction


The electrical motor is an important device that converts electrical energy into mechanical energy, which is necessary for daily life and economic activity. Beyond its financial worth, its applications are widely used and have a substantial impact on technological advancement and industrial development [1]. Low-voltage motor and drive sales worldwide were estimated to be worth USD 23.8 billion in 2021, up 4.1% from 2017 [2]. Electric motors currently use more than 7000 TWh annually. Studies demonstrate a significant potential for energy savings by improving motor efficiency. High efficiency standards are required since electric motors account for 80% of global electricity use, despite global attempts to reduce the greenhouse effect [3]. By 2030, that consumption and the associated CO2 emissions might increase by about 90%, if appropriate action is not taken [2].



All the components need to be appropriately sized to function at an optimal operating point. This optimal point is determined by the sizing of the components and their suitability for the specific application. Among the most common misapplications, motor oversizing is highly problematic and hard to correct [4]. Excessive oversizing needs to be prevented, as it causes the equipment to operate at an inefficient operating point. However, motor oversizing is still a common practice in the industry. Power losses when a motor is not operating at its optimum operating point are higher with respect to those of a less efficient motor but operating in its rated efficiency range [2]. The optimal operating load for motors is 75% of their rated load or higher. Due to their affordability, dependability, and low maintenance requirements, induction motors account for over 80% of all electric motors and also do not need a starting device, because they start themselves.



To maximize energy savings, the power output of motors must be accurately matched to the mechanical load they will drive. Most induction motors are designed to operate efficiently from 50% to 100% of their full load, with peak efficiency typically around 75% of full load. Motors operating below 75% generally decrease their efficiency. Therefore, oversizing motors can lead to increased energy consumption costs [5]. Auxiliaries, transmission, motor, motor control, power supply, and mechanical load are some of the parts of a motor-based application.



There are two methods for improving such systems’ energy efficiency.



	(1)

	
Component approach method: This method entails creating Minimum Efficiency Performance Standards (MEPSs) for important components and making sure they all fulfill minimal energy efficiency standards.




	(2)

	
System approach method: This method promotes higher energy savings and a better optimization than the component approach by taking into account the full application to achieve overall system efficiency.







When evaluating a motor-based application, the actual efficiency is determined by how well the equipment components match the application requirements. This includes taking into account variables such as the transmission operating point, motor operating point (both speed and torque), motor control system (starter or variable speed drive), and mechanical equipment operating point.



Modern applications often require variable speeds, even though most motors are designed for a fixed speed and output. Leonard Abbott III [6] noted that full-load operation is unnecessary in about 25% of induction motor applications. Motors typically run at 100% speed only for short durations, making speed regulation crucial.



Variable-frequency drive (VFD) addresses this need by converting a fixed voltage and frequency input to a variable frequency and voltage output, thus effectively managing the motor speed or torque, enhancing automation, and saving energy. VFDs are used in a wide range of applications, including electric cars, pumps, elevators, fans, robotics, and air conditioning [1]. Total low-voltage VFD revenues were estimated at approximately USD 11.5 billion.



VFDs allow applications to use a much higher starting torque and reduced energy consumption once the application is operating. This feature is crucial, due to the low starting torque of high-efficiency systems.



Research has been focused on the study of the interaction between the electric motor and the variable frequency driver and between the electric motor and the operated device.



Saidur et al. [7] reported that VFD systems can save about 15–40% energy and extend equipment lifespans by enabling gentle start-up and shutdown.



Wang et al. [8] reported that in their experiments, VFDs significantly reduced system input power by 85% at a 50% rated frequency and increased the power factor to 0.95 at a 95% rated frequency, with a voltage total harmonic distortion (THD) always less than 1%.



Ekren et al. [9] investigated a variable-speed compressor refrigerator in both on/off and variable-speed modes, finding a 10% increase in exergy efficiency and a 14% increase in the coefficient of performance (COP) due to variable-speed operation.



Piedrahita-Velásquez et al. [10] demonstrated that VFD saved 15% energy compared to the on/off mode in tests with household refrigeration systems using a variable-speed compressor.



Yilmaz et al. [11] reported that in tests on VFDs in compressors for ship cold storage refrigeration, the COP improved by 13.9% as the compressor frequency decreased.



Cini et al. [12] evaluated the electric energy consumption of small to medium-sized Tuscan olive oil mills, taking into account all equipment and process steps, including pumps and fans. Centrifugal extractors and crushers are examples of process equipment driven by electrical motors, and their energy consumption during the production campaign can be substantial, particularly when the decanter centrifuges operate for extended periods of time. In this case, to ensure rapid decanter operation, the electrical motors are sometimes oversized, resulting in suboptimal efficiency.



Tamborrino et al. [13] proposed a model to study the energy consumption of a decanter equipped with an electromechanical recovery system (i.e., regenerative braking), also reporting how the use of the installed power varied from 20% to 40%, resulting in a sub-utilization of the installed power and in a not-efficient energy utilization.



Leone et al. [14] created a model to study the energy requirement of a decanter centrifuge driven by VFDs and equipped with a regenerative braking recovery; the aim was to identify the energetic optimal conditions and their relation to the quality of the product.



Therefore, it is very difficult to operate the motor at its maximum efficiency, because different restraints have to be considered (e.g., the time to bring the device to the operating speed, different and variable motor loads, and the behavior of the load with regard to the shaft speed); furthermore, a study analyzing the operating efficiency of a motor, while also taking into account the possibility of operating the motor at different speed using a gearbox and a variable-frequency driver, is lacking.



Some researchers demonstrated how variable-frequency drivers using the V/F operation reach a good efficiency when the motor is operated near the full load region [15], and, for this reason, the idea was to investigate the use of a gearbox to adapt the load to the motor’s optimal torque, thus also adapting the efficiency curve of the three-phase electric motor.



Through simulations and experimental measurements, this study seeks to determine the existing relationship between the system’s overall efficiency and an electronic-driven motor connected to a horizontal centrifuge, demonstrating, in addition, the applicability of simulation programs in engineering problems related to electric motors [16,17]. The simulation made it possible to test the system without the high cost of purchasing electric motors and variable-frequency drivers.




2. Materials and Methods


The machine used was a horizontal decanter centrifuge BABY-1 from “Pieralisi” available in the laboratory, with an operating throughput of 500 kg/h, coupled to an asynchronous three-phase induction motor (IM) by “ABB” with 5.5 kW of nominal mechanical power. The connection between the electric motor and horizontal centrifuge is established by pulleys and two toothed drive belts with a measured gearbox ratio of 1.7365.



A timetable, arising from a real olive oil mill, was used to simulate the activity period of the device constituted by motor + decanter (MD).



When considering the overall working time per day, from the timetable it arises that the MD is run unloaded for 6% of its daily operating time, while the MD is run loaded for the rest of the daily operating period (94%). We considered a 40-day working period, with increasing working hours per day at the start (first nine days) from 7 to 20 and decreasing working hours per day at the end (last seven days) from 20 to 7, with a plateau of 20 h per day in the middle (consisting of the remaining 24 days).



The results of the simulation have been used in conjunction with the previously described timetable over a 40-day campaign period.



Some assumptions have been made:




	(a)

	
The dilution ratio (i.e., the ratio between the mass of added lukewarm water and the mass of olive oil paste) is considered to be 0.2 (the normal dilution ratio for high-quality extra virgin olive oil extraction);




	(b)

	
The horizontal centrifuge full productive capacity is considered to be exactly equal to 500 kg/h.









From the operational timetable previously described, it arises that the overall processed product was 226,685 kg on 627 overall working hours, the time that the horizontal centrifuge was run unloaded was 37.62 h, and the time that the horizontal centrifuge was run at full load was 589.38 h.



The final results considered are the following: the overall energy consumption per processed product unit mass (OSEC) expressed as kJ/kg; the overall specific energy wasted (i.e., the difference between the active power and the mechanical power at the motor shaft) per processed product unit mass (OSEW) arising from the wasted power considered as the overall (MD) centrifuge and electric motor wasted electrical power, expressed as kJ/kg; and, finally, the overall process efficiency (OPE) obtained by the following relation (OSEC-OSEW)/OSEC.



The relations are the following.


OSEC = (ActivePower × TimeDecanterLoaded + ActivePower × TimeDecanterUnloaded)/OverallProcessedProduct










OSEW = (WastedPower × TimeDecanterLoaded + ActivePower × TimeDecanterUnloaded)/OverallProcessedProduct










OPE = (OSEC − OSEW)/OSEC











The configuration of the centrifuge coupled to a 5.5 kW electric motor, connected directly to the power line (DOL), was assumed as a reference for the comparison of subsequent simulations.



Table 1 presents the fundamental reference parameters obtained when connecting the MD machine with the M4 motor-connected DOL.



Matlab R2024a Simulink software (using Simscape Electrical, formerly SimPowerSystems) from MathWorks was used to simulate the physical system; the simulation was continued until a steady-state condition was reached.



The use of asynchronous motors (identified as M2, M3, M4, M5, M6, and M7) was hypothesized with, respectively, a 3.0 kW, 4.0 kW, 5.5 kW, 7.5 kW, 11 kW, and 15 kW electric power, to investigate the optimal connection between the horizontal centrifuge and the electric motor.



The motors were hypothesized to be driven by an electronic driver, i.e., an electronic VFD. The VFD measured efficiency was 0.95. The simulation concerned various cases, from an oversized IM to an overloaded IM, also testing various connections of the six motors and the horizontal centrifuge—varying the gearbox ratio for this reason—and between the electric line and the IMs using the VFD.



The parameters of the real motor (Table 2) and of the horizontal centrifuge (Table 3) were measured on the field and their values were inserted into the software simulation model, while, for the other IMs, their parameters were obtained from the datasheet by ABB.



The electric motor T-model equivalent circuit [18,19] was obtained from datasheets, considering the following standard tests:




	-

	
Motor running at no load;




	-

	
Motor running at rated load;




	-

	
Motor running at 145% of rated load (overloaded motor);




	-

	
Motor connected to the power line but with a locked rotor (i.e., short-circuit test).









Under the hypothesis that the rotor and stator inductances are equal [18], an iterative method has been developed and set, which, taking into account the four standard tests, as previously reported, and the measurements of voltage, current, speed, and torque, allows for the determination of the electrical parameters of the motor-equivalent T-model and, in addition, the friction factor F. These parameters were subsequently entered into the Simulink simulation model.



To evaluate the amount of energy saving when the horizontal centrifuge is used in the olive oil mill, different connections of the VFD, IM, and horizontal centrifuge have been examined, varying the gearbox ratio from −45% up to +45% with reference to the measured nominal value of 1.7365.



The examined connection, for each motor, was the following:




	-

	
The VFD driving the IM with a closed-loop speed control, using V/Hz, slip regulation, and flux-oriented control by indirect field-oriented control;




	-

	
Speed change by varying the gearbox ratio (efficiency of 0.97) from −45% up to +45% with steps of 1%, a working IM speed set-point calculated from the gearbox ratio variation to reach 4916 rpm for the horizontal centrifuge working speed; the overall VFD and IM mechanical efficiency and the active electrical power sunk by the VFD and IM from the electric line was determined for each gearbox ratio step.









The field-oriented control algorithm or vector control algorithm [20,21], directly managing the V/Hz internal controller, changes and regulates the speed and torque of the IM; the regulator is based on the direct control of the IM current and voltage. When controlling an IM, this type of control is very common, due to its lower cost and its capability of regulating the motor speed more efficiently. Although this vector control algorithm can be operatively complicated to set up if compared to the simpler direct torque control, this algorithm does not need a frequent recalculation, thus requiring a lesser computational power than that required by the direct torque control algorithm [21]. The direct torque control algorithm is a method used by VFDs to regulate the speed and the torque of the IM, requiring the evaluation of the magnetic flux and torque based on the voltage and current as measured for the IM, being a form of on/off control in the family of feedback control systems [22,23].



Moreover, the vector control algorithm allows for the enhanced dynamic behavior of the IM, allowing designers to optimally size the IM rather than oversize it to guarantee the desired transient behavior (i.e., a shorter time to reach the operational speed of the horizontal centrifuge). In addition, a smaller IM normally also delivers a larger fraction of its nominal power; thus, its operating point can offer a better overall efficiency [23].



Being interested in steady-state conditions, the horizontal centrifuge relation between rotational speed and loading torque needs to be carefully characterized. From Table 3, the horizontal centrifuge parameters are known, and, therefore, the mechanical system to be solved involves a general mechanical balance equation in order to calculate how the centrifuge speed depends on the applied torque. In addition, the gearbox ratio needs to be varied from −45% to +45% with reference to its nominal 1.7365 value.



The Simulink block that made this calculation possible is shown in Figure 1; Torque_in and epsilon_gear are the inputs while n_motor is the output. The decanter and induction motor are considered as an unicum and, for each single component, its friction factor (Fm) and its moment of inertia (Jm) are considered. The efficiency of the gearbox is eta_gear. The additional torque when the centrifuge is running loaded is considered through the LoadTorque input.



The parameterization consisted of stepping the torque (x-axis) from 0 N·m to 30 N·m with increments of 1 N·m and the gearbox percent ratio (y-axis) from −45% to +45% with increments of +1%, with reference to the nominal value of 1.7365, for each motor size and each decanter-loading condition. A long running time was required to perform the stepping process.



Subsequently, the collected data have been fitted using the Matlab 2024a Curve Fitter App, using a robust polynomial surface fit model with a first degree with reference to the x variable and a third degree with reference to the y variable (i.e., a poly13 surface fit model has been used, with seven coefficients, namely, f(x,y) = p00 + p10×x + p01×y + p11×x×y + p02×y^2 + p12×x×y^2 + p03×y^3), where the f(x,y) (i.e., the z-axis) represents the motor speed in rpm.



The obtained results are reported in Table 4, considering the M4 motor and the horizontal centrifuge not loaded.



The goodness of fit is very high, showing an adjusted coefficient of determination (R2) of 1.0000, with a root mean square error (RMSE) of 23.1781. How much of the dependent variable can be predicted from the independent variables is shown by the R2 value, which ranges from 0 to 1.



Finally, the simulated results, waiting until the system reached a steady-state condition, changing the electric motor size and with the horizontal centrifuge loaded and unloaded, were analyzed, using the Matlab R2024a and Simulink software. The simulations took a long time to complete.




3. Results


The primary parameter to be considered is the overall specific energy consumption (OSEC). The obtained simulation’s results are depicted in Figure 2 and resumed in Table 5.



Figure 2 shows the results of the simulations in terms of the overall specific energy consumption (OSEC) versus the gearbox ratio percent variation (GRPV), for each motor from M2 to M7. The decanter speed is controlled at 4916 rpm, although with a varying gearbox ratio. The minimum OSEC is achieved using the M7 motor at +7% GRPV, operating the M7 motor at a velocity of 2646 rpm.



Furthermore, the graphs in Figure 2 show that the curves have a parabolic law behavior and that the motors are operated at a speed over 3000 rpm that corresponds to the synchronous speed of these three-phase motors (being f = 50 Hz and PolesPairs = 1, then the synchronous speed is 60×f/PolesPairs = 3000 rpm), except for the M7 motor, which is operated at 2646 rpm to reach its minimum OSEC and, therefore, below its synchronous speed.



Table 5 resumes the objective of this work: to determine when the OSEC reaches its minimum value and for which electric motor power and gearbox ratio value.



Table 5 also reports the minimum reached OSEC, showing the optimum GRPV and the operated electric motor. These values represent the minimum values as shown in Figure 2. In addition, the OSEC percent saving related to the reference (the M4 motor operated directly online) is reported in Table 5.



The decanter speed is controlled at 4916 rpm. The minimum OSEC is achieved by the M7 motor at +7% the optimum gearbox ratio percent variation; in this condition, the related energy saving resulted in +4.01% for the OSEC with reference to the M4 motor operated directly online (DOL).



In addition, Figure 3 shows the existing relation between the minimum OSEC and the electric motor nominal power. The data suggest the interpolation using a Gompertz sigmoid function as this function models very well the asymptotic behavior observed at 11 and 15 kW of motor power.



The Gompertz sigmoid function correlates very well (R2 = 0.99427) and predicts what happens to the OSEC when using a motor with a different rated power; thanks to this, the equation can be considered very helpful. In addition, the equation suggests that, although the general behavior recommends that IM heavy oversizing can improve the process’s overall energy saving, this should be compared to the asymptotic behavior of the equation itself.



In fact, at higher motor mechanical power values, an increment of the mechanical power brings a decrement of OSEC that can be unimportant if compared to the higher costs required to purchase both the IM and the VFD. This last consideration should be considered by adding it to the correlation equation of Figure 3: in this manner, an optimal minimum for the size of the IM could be obtained.



Moreover, to investigate the predictive capability of the results found, the OSEC curves have been modeled through a multiple linear regression, using as dependent variables the motor power (called x1) and GRPV (called x2). As the independent variable, or result variable, the OSEC (called y) was used.



The interactions among the variables have been considered up to a degree of five: i.e., the considered multilinear model, when expressed in Wilkinson notation, was


y ~ 1 + x1^2 + x1×x2 + x2^2 + x1^3 + (x1^2):x2 + x1:(x2^2) + x2^3 + x1^4 + (x1^3):x2 + (x1^2):(x2^2) + x1:(x2^3) + x2^4 + x1^5 + (x1^4):x2 + (x1^3):(x2^2) + (x1^2):(x2^3) + x1:(x2^4) + x2^5











The model consists of 21 terms comprising the intercept term.



The normal algorithms used for the prediction assessment of multilinear models have been applied to this analysis. In particular, a 10-fold cross-validation using 500 Montecarlo runs was performed to assess the predictive performance of the model. The regression method used was principal component regression (PCR).



The multiple linear regression technique is used to statistically assess any existing relationship and to establish to what extent the model performs in the prediction of the property value; in our case, this corresponds to the confidence of the prediction of the OSEC value; the predicting capability must be quantified by a statistical point of view using techniques such as cross-validation (CV), involving the random partitioning of samples into complementary subsets such as the k-fold CV, or leave-one-out CV; these methods allow one to estimate the prediction capability of the model measured by the widespread ratio of the standard deviation of calibration data to the standard error of prediction data (RPD), as extensively described in the literature [24,25,26,27,28]. An RPD value greater than or equal to 5.0 indicates that the model is adequate for quality control, and a value greater than or equal to 8.1 indicates that the model is suitable to quantitatively measure the property of interest [25,29].



Subsequently, the ratio of the standard deviation of calibration data to the standard error of prediction data (RPD) was used to assess the prediction suitability; the RPD value was 37.21 ± 0.03 (that can be considered excellent), with a relative percent error in predicting the OSEC less than ±0.98% at 95% confidence bounds. These results guarantee the greater predictive confidence of the calculated model.



By analyzing the coefficient of variation of the model coefficients, it is possible to eliminate some interaction terms that decrease the model performance.



In fact, because the 10-fold CV gives ten estimates of the regression coefficient of each term, the identification of the problematic term could be performed considering the absolute value of the reciprocal of the coefficient of variation of the ten estimates of each coefficient (INVCV) arising from the CV phase (i.e., the mean absolute value of the estimates of the regression coefficient divided by its standard deviation).



The minimum value of INVCV identifies the coefficient having the maximum estimated relative error (i.e., its coefficient of variation), and, therefore, it allows the identification of the interfering term that should be discarded on the next algorithm loop.



This method of “coefficient of variation algorithm” (CVA) has been successfully used in other research, showing excellent results [28,30]. The method allowed a reduction of the terms considered in the model.



The model was reduced to 16 terms, comprising the intercept term. Its expression, in Wilkinson notation, is


y ~ 1 + x1 + x2 + x1^2 + x1:x2 + x2^2 + x1^3 + (x1^2):x2 + x1:(x2^2) + x1^4 + (x1^3):x2 + (x1^2):(x2^2) + x2^4 + x1^5 + (x1^4):x2 + x2^5











In Figure 4, the contour plots of the found model calculated over the span of motor powers and GRPV values are reported.



Figure 4 shows the existence of a minimum OSEC of 28.41 kJ/kg, located at GRPV= −6.8%, and a motor power of 13.6 kW. It has to be highlighted that Figure 3 does not show the existence of this minimum.



Figure 5 and Figure 6 show the further steps taken into account to successfully close the minimization step.



From a survey market of the currently available IMs and VFDs, the trend of their cost has been calculated, as depicted in Figure 5. The trend line is hypothesized to be a power law equation.



Moreover, hypothesizing that the cost of the IM + VFD is spread over ten campaigns, and that the overall processed product is 226,685 kg for each campaign (627 overall working hours), then the related incidence of machines cost per kg of processed product can be calculated.



The cost related to the OSEC is obtained considering an energy cost of 0.20 EUR/kWh (the average price for medium-sized consumers in the EU in the second half of 2023, according to Eurostat). Thus, the data of Table 5 can be transformed into the specific cost due to the process per kg of processed product (SCOPP).



The sum of these two costs brings the data shown in Figure 6 representing the classical curve that allows the minimization of costs.



Figure 6 shows the sum between the machines’ cost (IM + VFD on ten campaigns) and the specific cost due to the process per kg of processed product versus the size of the IM and VFD used. The interpolating curve is hypothesized to be a parabolic law; this hypothesis allows us to straightforwardly obtain the minimum of the curve.



The predicted optimum size of the IM + VFD (the minimum of the curve) to be used results in 3.0 kW (the minimum tested motor), this being far from the size of the motor currently used on the real machine (5.5 kW).



This is mainly due to the low cost of electric energy when compared with the purchase of the machines. However, the time required to bring the decanter up to the rated speed must also be taken into account. In addition, the specific energy consumption depends on the mill size. The reduction in specific energy consumption will depend both on the treated product and on the efficiency of the machines. Overall, therefore, the cost will depend on the energy cost and devices cost.



Therefore, even if Figure 4 indicates a minimum OSEC of 28.41 kJ/kg, located at GRPV= −6.8% and a motor power of 13.6 kW, when transformed to the cost level, this minimum moves, due to machines cost entering into the calculation, thus bringing one to a less convenient minimum from the energetic point of view but one that is economically more convenient.



To complete the discussion of the problem, it is necessary to obtain what was calculated in Figure 6 using the model determined in Figure 4, in order to obtain the SCOPP as a surface over the span of motor powers and GRPV values.



Figure 7 shows, using the previously calculated model, as shown in Figure 4, the sum between the machines’ cost (IM + VFD on ten campaigns) and the specific cost due to the process per kg of processed product versus the size of IM and VFD used, and the GRPV variation.



The predicted optimum size of IM + VFD (the minimum value on the surface of Figure 7) to be used results in 3.0 kW (corresponding to the minimum tested motor) with a GRPV of −41%, being far from the size of the motor currently used on the real machine (5.5 kW). It should be highlighted that Table 5 predicted a GRPV of −39%, while Figure 6 predicted a SCOPP of 2.22 × 10−3.



The results are approximately the same, but Figure 7 is more accurate.



Moreover, Figure 7 shows that from the point of view of the SCOPP, motors with lower power are convenient to run at high speed (negative value of GRPV) while the opposite must be done with higher-power motors (positive GRPV).




4. Conclusions


In this work, the analysis and modeling of the optimal connection between different IMs and a horizontal decanter centrifuge used in olive oil extraction, using different gearbox ratios, and between a driving electronic VFD and different IMs, were examined.



The simulation helped to test the system by simulation, avoiding the elevated costs needed for the purchase of motors and variable-frequency drivers.



The trials showed that to improve the efficiency of the overall process and to decrease the overall specific energy consumption, motor oversizing is mandatory. The results show that, in our case, an overall specific energy consumption percent saving of 3.1% and 4.0% can be achieved, with a slight (7.5 kW) and a medium (11 kW) oversizing of the induction motor, respectively.



However, the asymptotic behavior of the specific energy consumption, being related to the motor power, places an economic limit on the motor oversizing.



In fact, at higher motor mechanical power values, a mechanical power increment brings an overall specific energy consumption decrement that, however, can be unimportant if compared to the higher costs required to purchase both the electrical motor and the variable frequency driver; this last condition must be added into the relation existing between the overall specific energy consumption and electric motor rated mechanical power, to build the minimization equation allowing for the optimal selection of motor size. The predicted optimum size of IM + VFD to be used resulted in 3.0 kW, this being far from the size of the motor currently used on the real machine (5.5 kW). However, the time required to bring the decanter up to the rated speed must also be taken into account. Moreover, the specific energy consumption depends on the mill size. The reduction in specific energy consumption will depend both on the treated product and on the efficiency of the machines. Overall, therefore, the cost will depend on the energy cost and devices cost.



The methodology has led to consistent results; however, further investigation is needed to properly evaluate a suitable method for IM oversizing and to estimate the reliability of the model prediction when it is extended to a larger industrial decanter.
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Figure 1. This Simulink block is utilized to solve the general mechanical balance of the horizontal decanter centrifuge and electric motor. 
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Figure 2. Simulink simulation results of the overall specific energy consumption (OSEC) versus the gearbox ratio percent variation, for each motor from M2 to M7. 
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Figure 3. The minimum overall specific energy consumption (OSEC) versus the electric motor nominal mechanical power is related to a high degree of correlation (R2 = 0.99427) to a Gompertz sigmoid function. 
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Figure 4. OSEC values (kJ/kg) contour plots of the found multilinear model calculated over the span of motor powers and GRPV values. The cross marker indicates the minimum value of OSEC. 
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Figure 5. Survey market of IMs and VFDs. (a) Cost of asynchronous motors. (b) Cost of VFDs. The trend line is hypothesized to be a power law one. 
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Figure 6. Sum of machines cost and specific cost due to process per each kg of processed product versus size of induction motor and variable frequency driver used. The energy cost is assumed to be 0.20 EUR/kWh. 
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Figure 7. SCOPP value (EUR/kg) contour plots of the found multilinear model calculated over the span of motor powers and GRPV values. The energy cost is assumed to be 0.20 EUR/kWh. The cross marker indicates the minimum value of SCOPP. 
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Table 1. Fundamental reference parameters as obtained for the horizontal centrifuge coupled to a 5.5 kW motor connected directly to the power line (DOL).
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	OSEC (kJ/kg)
	OSEW (kJ/kg)
	OPE





	30.613
	6.002
	0.8039










 





Table 2. Electric three-phase induction motors M2, M3, M4, M5, M6, and M7, measured and calculated parameters to be inserted in Matlab’s “Simulink” model.
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	M2 (3.0 kW)
	M3 (4.0 kW)
	M4 (5.5 kW)
	M5 (7.5 kW)
	M6 (11 kW)
	M7 (15 kW)





	Electrical Active Power (kW)
	3.5
	4.7
	6.4
	8.6
	12.4
	16.6



	Line Voltage (Vrms)
	400
	400
	400
	400
	400
	400



	Line Current (Arms)
	6.2
	7.9
	10.6
	13.9
	20.5
	27.6



	Frequency (Hz)
	50
	50
	50
	50
	50
	50



	Power Factor
	0.82
	0.85
	0.87
	0.89
	0.87
	0.87



	Poles Pairs
	1
	1
	1
	1
	1
	1



	Efficiency
	0.857
	0.860
	0.861
	0.875
	0.890
	0.902



	Mechanical Power (kW)
	3.0
	4.0
	5.5
	7.5
	11.0
	15.0



	Torque (N.m)
	9.86
	13.24
	18.45
	25.04
	36.32
	49.36



	Shaft RPM
	2905
	2885
	2846
	2860
	2892
	2902



	Slip (%)
	3.17
	3.83
	5.13
	4.67
	3.60
	3.27



	F (Friction Factor) (N.m.s)
	2.43 × 10−4
	3.29 × 10−4
	4.65 × 10−4
	6.27 × 10−4
	9.01 × 10−4
	1.20 × 10−3



	J (Moment of Inertia) (kg.m2)
	0.0041
	0.0061
	0.014
	0.016
	0.038
	0.048



	Motor Type
	Squirrel-cage
	Squirrel-cage
	Squirrel-cage
	Squirrel-cage
	Squirrel-cage
	Squirrel-cage










 





Table 3. Horizontal centrifuge “Baby-1” measured and calculated parameters subsequently inserted in Matlab’s “simulink” model.
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	Drum Operating Speed (rev/min)
	Speed Variation
	Gearbox Ratio
	Gearbox Efficiency
	Motor Shaft Operating Speed (rev/min)
	Differential Scroll Speed (rev/min)
	F (Friction Factor) (N·m·s)
	J (Moment of Inertia) (kg·m2)
	Additional Torque When Loaded (N·m)





	4916
	Pulley with two toothed drive belts
	1.7365
	0.97
	2831
	12
	0.009714
	2.341
	1.8025










 





Table 4. The polynomial surface fit model poly13 coefficients and their 95% confidence bounds when considering the M4 motor and the decanter not loaded.
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	Coefficient
	Value
	Lower 95% Confidence Bounds
	Upper 95% Confidence Bounds





	p00
	−13.27
	−21.36
	−5.186



	p10
	548.6
	548.1
	549.1



	p01
	612.5
	546.7
	678.3



	p11
	−1109
	−1111
	−1106



	p02
	1736
	1372
	2101



	p12
	1487
	1466
	1508



	p03
	−27,486
	−29,220
	−25,750










 





Table 5. Simulink simulation results of the optimum overall specific energy consumption (OSEC) and the related overall process efficiency (OPE) at the optimum gearbox ratio percent variation that guarantees the minimum OSEC, for each motor from M2 to M7.
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	Motor Type
	Motor Power

(kW)
	Minimum Overall Specific Energy Consumption

(kJ/kg)
	Overall Specific Energy Consumption Percent Saving Related to the Reference M4 DOL

(%)
	Optimum Gearbox Ratio Percent Variation

(%)
	Overall Process Efficiency
	Decanter Speed

(RPM)
	Stator Current

(A rms)





	M2
	3
	30.136
	1.56
	−39
	0.8172
	4915.7
	5.6



	M3
	4
	29.981
	2.06
	−37
	0.8214
	4916.1
	6.5



	M4
	5.5
	29.850
	2.49
	−34
	0.8249
	4916.1
	6.6



	M5
	7.5
	29.660
	3.11
	−28
	0.8302
	4915.9
	6.9



	M6
	11
	29.401
	3.96
	−10
	0.8375
	4916.1
	7.1



	M7
	15
	29.386
	4.01
	+7
	0.8380
	4916.1
	9.2
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
E—— )

e paed
E— et B3oe
289808 8&%
e D
SO .
e D3y
0
208 % gz,
gl P O T
L1 3&2
O
Iy
S so3g,s
Qa0e® 03y
e —— @3z
sa.ma e
»
2 sﬁmwﬁ
S 25003 —

[%] uonewen Jsd1ad OneY X0qIEaD

10

5 10 1

6
Electric Motor Nominal Mechanical Power [kW]





medi