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Abstract


The design of special induction motors for variable-speed drives in pumping systems is carried out using the Design of induction machines for adjustable-speed drives (DIMASDrive 2022) software, based on the motor efficiency criterion. The quality of a variable-speed drive is fully determined by an innovative criterion of equivalent costs, which takes into account not only the cost and energy efficiency of the drive, but also the costs of compensating for reactive power and distortion power, which characterize the drive’s energy and electromagnetic compatibility with the grid. The MATLAB program enables the calculation of the innovative criterion of the drive’s reduced costs. Currently, the cost component of distortion power compensation is not taken into account in the reduced cost criterion; consequently, the quality of the drive in monetary terms is determined incompletely and is underestimated. A method is proposed for calculating this component and incorporating it into the reduced cost criterion. The presented results were obtained entirely through simulations conducted using validated software. Experimental studies of the prototype will provide the final answer regarding the solution.
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1. Introduction


In recent years, electric drive systems with a wide range of smooth speed control have become increasingly popular. Energy savings are particularly significant when implementing asynchronous variable speed drives for pumps, as electric drives for pumping stations are among the most energy-intensive facilities. In this regard, there has been a widespread replacement of non-adjustable pump drives with frequency-controlled ones [1,2,3,4,5,6,7,8,9,10].



At the same time, the use of standard general-purpose motors for electric drives with variable speed is not optimal in terms of weight, size, cost and energy efficiency. It is advisable to use special variable speed induction motors (VSIM) adapted to specific operating conditions [11,12,13,14].



To do this, it is necessary to make the correct choice of a base motor (usually a standard motor), which must then be adapted. Taking into account the specifics of operation involves representing the pump unit in the form of a load characteristic, which is the dependence of the torque on the motor shaft in a given range of angular velocity changes.



An important issue is the design criteria used in the design of controlled induction motors. Along with the traditional criterion of motor efficiency, an innovative criterion of reduced costs can be used, taking into account not only the cost and energy efficiency of the drive, but also the costs of compensating for reactive power and distortion power, which characterize the energy and electromagnetic compatibility of the drive with the network [15,16,17,18,19]. It should be noted that, due to the specifics of operation, the criteria are range-based and depend on the pump operating mode [20].



Optimization design can be carried out using computer programs. MATLAB/Simulink R2023a [21,22,23,24,25,26,27] and DIMASDrive are used to simulate the drives under consideration, which incorporate various types of induction motors. The DIMASDrive program is an academic tool developed by the Department of Electrical Machines at Odessa Polytechnic University. Using the optimization procedures of the DIMASDrive program, modifications of controlled induction motors are designed, differing in various design parameters—variables within the accepted drive structure. The optimization problem is solved using the Nelder–Mead deformable polyhedron method. The complex search method is a modification of the simplex method. A distinctive feature of the method is the formation, according to a specific rule, of a set of points in an n-dimensional Euclidean space of variable parameters. A regular polyhedron, called a simplex, is constructed using these points. In the Nelder and Mead method, the simplexes lose their regularity and the polyhedra become deformed. During reflection, operations of stretching or compression are performed on them. As a result of repeatedly replacing the worst point with the point having the best value of the objective function, all points in the set are grouped in the region of the extremum, and any point from the set can be regarded as the optimal result. Frequency converters are characterized by different types and modes of control, but the most common are two-stage transistor frequency converters with autonomous voltage inverters. Research on drives with such converters was carried out using the proportional frequency control law U/f = const.



The technical prerequisites that give adapted motors an advantage over mass-produced machines include:




	–

	
The ability to select the optimal ratio of non-standard voltage and frequency values for the designed motor, consistent with the nominal values of the converter, which allows for increased power within the same dimensions or reduced weight and dimensions for the same power;




	–

	
The elimination of start-up performance requirements, which allows the use of an appropriate rotor slot shape that ensures minimum active resistance of the rotor winding.









Each pump unit can be represented by a corresponding load characteristic. Using this characteristic in conjunction with the characteristics of the induction motor and the variable-frequency drive makes it possible to analyze energy performance. The DIMASDrive software’s optimization procedure designs variable-speed induction motors through structural-parametric optimization. The motor’s energy efficiency is used as the objective function. To determine the cost-based quality indicator of the electric drive, modeling is performed in MATLAB/Simulink, using an innovative criterion of reduced costs that takes into account not only the cost and energy efficiency of the drive, but also the costs of compensating for reactive power and distortion power, which characterize the drive’s energy and electromagnetic compatibility with the grid. This criterion is used to evaluate the quality of design variants for electric drives with optimized variable-speed induction motors.



The value of this criterion—specifically, the component relating to the cost of compensating for distortion—depends on the permissible THD values and is determined for a specific electric drive of a pumping unit, taking into account its operating conditions.




2. Description of the Load Characteristics of the Pumping Unit


The main characteristic of pumps is the dependence of the developed head H (m) on the productivity Q (m3/s). The values of these parameters (Figure 1), which are set depending on the corresponding rotation speeds, make it possible to form the load characteristic of the pump unit under study in a regulated drive. At the same time, for different rotation speeds, it is necessary to take into account different values of the pump efficiency.



Then   P =      ρ   1   · g · Q · H     ɳ   p u m p       , where     ρ   1     is the density of the pumped liquid (for water,     ρ   1   = 1000   k g /   m   3    );   g   is the acceleration due to gravity,   g = 9.81   m /   s   2    ; Q is the pump capacity,     m   3   / h  ;   H   is the total head, m;     ɳ   p u m p     is the pump efficiency.



On the other hand,   P = M ·    π · n   30     , which, given known rotation speeds, makes it possible to calculate the load moments on the motor shaft. This makes it possible to move from the dependencies of the changes in parameters H and Q during regulation to the construction of the load characteristic n(M) (Table 1).



Regulation must ensure that output is reduced from the maximum value     Q   m a x     to the minimum value     Q   m i n   .   According to the specified output range     Q   m a x   =   393      m   3   / h  ,     Q   m i n   = 39.43      m   3   / h   , the pump speed variation range is     n   m a x   = 1440   r p m ,     n   m i n   = 148   r p m .   In this case, the head values will be as follows: Hmax = 18.1 m, Hmin = 1.35 m.



The design of motors in variable speed drive systems is carried out by considering the drive and load together. For this purpose, a mathematical model of the load must be used in the comprehensive mathematical model of the drive. The mechanical load on the motor shaft is a function of the change in resistance torque with respect to the angular frequency of rotation and is generally described by the following expression.


  M ( ω ) =   M   0   + k ·   ω   i   ;  



(1)




where     M   0    —is the initial moment,   N · m  ,   k  —is the proportionality coefficient,   ω   is the angular frequency of shaft rotation, s−1,   i  —is the index determining the nature of the load change. The value of the load torque at a given point depends on three parameters:     M   0   ,   k , i  . They are selected so that the actual load dependence of the pump unit can be described by a mathematical relationship.



For centrifugal pump loads,   i = ( 2 … 3 )  . Fans, blowers, centrifuges, and smoke exhausters also have similar characteristics. We assume that the pump load torque is characterized by a quadratic dependence on the rotational frequency n with some initial torque     M   0    .


  M =   M   0   + k ·   n   2   .  



(2)







To determine the values of     M   0     and   k   of the load characteristic in the above form, we solve the system of equations:


          n   1   2   ·   x   1   +   x   2   =   M   1           n   2   2   ·   x   1   +   x   2   =   M   2         ;  



(3)




where     x   1   = k   and     x   2   =   M   0    . We use the extreme load points of the control range     n   1   = 148   r p m ,     M   1   = 11.5   N · m ,     n   2   = 1440   r p m ,     M   2   = 150   N · m  . When solving the system, the proportionality coefficient k and the initial torque     M   0     are determined. The system in matrix notation has the following form:


        k         M   0         =          n   1   2     1       n   2   2     1        − 1   ·         M   1           M   2         .  



(4)







The system solution gives the following results:   k = 0.0656 ·   10   − 3   ,     M   0   = 10.1   N · m  . That is, the dependence of the load torque on the number of pump revolutions can be represented as:


  M = 10.1 + 0.0656 ·   10   − 3   ·   n   2   .  



(5)







By adjusting the parameters     M   0    ,   k  ,   i  , in this way, the best representation of the pump load characteristics is achieved.




3. Simulation of a Frequency-Controlled Electric Drive Using the DIMASDrive Program


The DIMASDrive program allows you to simulate a frequency-controlled asynchronous electric (FCAED) drive using models of its components. Drives with identical frequency converters operating on the same pump load are considered, differing in the use of a 4A180S4 series motor and two of its modifications.



For each drive variant, it is possible to construct a given family of mechanical characteristics (  K F = f /   f   n     where     f   n   = 50   H z  ) with the load characteristics of the pump unit superimposed on them. Figure 2 below shows the characteristics for the drive variant with a 4A180S4 series motor.



Using the DIMASDrive program, the selection of a base engine for a specific project is performed based on an analysis of the thermal state (steady-state values of the temperature of the stator winding slot, as the most thermally stressed structural part of the engine) of several series engines. Figure 3 shows the temperature characteristics of three engines for which a thermal analysis was performed.



Judging by the thermal characteristics, the 4A180S4 motor (power 22 kW) is a suitable base motor, which will be further adapted to the specific conditions as part of a frequency-controlled pump drive. The 4A160S4 motor (power 15 kW) is overloaded at the maximum point of the control range and has a significant temperature in the stator winding slot. At the same time, the 4A200M4 motor (power 37 kW) is underloaded.




4. Optimized Design in the DIMASDrive Environment Based on the Motor Efficiency Criterion


To design effective adjustable induction motors, it is necessary to use design criteria related to manufacturing and operating costs and to consider design constraints, taking into account various design tasks. At the same time, according to the principle of a systematic approach, it is necessary to consider converters, motors and loads together, and in many cases, matching gearboxes and transformers. Therefore, the main feature in the development of controlled induction motors is the need to use a comprehensive MM of the entire controlled automated electric drive system in the design calculation system, rather than just a motor model, as is done in the design of general industrial induction motors. Thus, design and FCAED MM must have a certain degree of flexibility in order to take into account the components introduced into the drive structure, as well as changes in the design parameters of the motor. Modern optimization design of FCAED machines is well developed and generalized, but it is not focused on controlled induction motors. Mathematical and software improvements are needed to effectively solve the design problems of special controlled induction motors. Optimization design of controlled induction motors can be performed using a range criterion—efficiency. In this case, the energy efficiency of the motor can be considered as average range efficiency:


    ɳ   c d   =    1     n   2   −   n   1      ·   ∫    n   1       n   2      ɳ (   n   i   ) d n .    



(6)







Two modifications of the basic 4A180S4 motor are offered. The first modification is achieved by replacing thin-gauge cold-rolled isotropic electrical steel grade 2211 with steel grade 2411. The specific losses of grade 2211 steel are   p = 2.2   W / k g  , and those of grade 2411 steel are   p = 1.3   W / k g  . This modification also involves replacing the shortened stator winding with a diametrical winding. This relates to structural optimization. In the second modification, the parameters of the stator winding (number of stator winding turns w1, cross-sectional area of the effective stator winding conductor     q   e f f    , diameter of the insulated stator conductor     d   i n s    ). The number of variable parameters also includes the length of the machine core L, the geometric parameters of the stator tooth zone (stator slot height H1 and stator slot width GP) and the rotor (distance between the centers of circles A2, diameter of the larger circle D2, and diameter of the smaller circle D2).



Table 2 shows the values of the variable parameters obtained as a result of optimization design using the DIMASDrive program based on the criterion of average motor efficiency.



The number and range of the variable parameters can be adjusted, resulting in different modifications of the base motor.



Table 3 shows the average efficiency values for the standard motor and the two modifications considered. The pump speed ranges from     n   m i n   = 148   r p m   t o       n   m a x   = 1440   r p m  .



In some cases, the engine efficiency criterion must be calculated taking into account the operating time at each specified rotation frequency within the control range. Then a temporary load operation diagram is set—a tachogram. In this case, the calculation of the duration of engine operation at each specified point of the control range according to the following expression [15]:


    ɳ   d t   =      ∑  i    ( ɳ (   ɳ   i   ) ·   t     n   i     )       ∑  i      t     n   i          ;  



(7)




where     t     n   i      —the operating time of the machine under investigation at a rotational speed of     n   i    ,   i  —the step number on the tachogram. If the drive operates with a tachogram of 1 h—200 rpm; 1 h—600 rpm; 1 h—1400 rpm, then the range criteria for efficiency are presented in Table 4.



Figure 4 shows the dependence of changes in motor efficiency (serial motor, 1st modification, 2nd modification) in the control range.



The system of constraints on parameters and performance indicators comprises two groups of constraints: functional constraints and design and manufacturing constraints. The latter are established not only in accordance with requirements dictated by the physical properties of the materials used in engines and applicable standards, but also taking into account the technological capabilities of the manufacturing process.




5. Modeling in the MATLAB/Simulink Environment


As a result of modeling in MATLAB/Simulink, energy indicators are determined both at the motor input and at the drive input. These include efficiency coefficients ƞ, phase shift   c o s φ  , and power χ. Calculations were performed for the values of the fundamental harmonic powers: total     S   1   ( k V A )  , active     P   1   ( k W )  , and reactive     Q   1   ( k V A r )  . Power components were calculated taking into account all harmonics: total   S ( V A )  , active   P   ( k W )   and reactive   D ( V A r )  . The reactive power D has two components. The first is     Q   1    , caused by the phase shift in the fundamental harmonic of the current relative to the fundamental harmonic of the voltage. The second component is T, which determines the distortion power. These components are related by the following expression:     D   2   =   Q   1   2   +   T   2     [15,28].



In the MATLAB/Simulink environment, the FCAED model based on a two-stage converter is presented in [15]. A description of the model is also provided there. The parameters of the equivalent circuit for the 4A180S4 series-wound induction motor and the load characteristic of the pump, which are used for modeling the drive in this article, are given below. When modeling a drive with a modified motor, the corresponding parameters of the modified motor’s equivalent circuit are used, whilst the load characteristic of the pump system remains unchanged.



The voltage generated by the frequency converter is supplied to a four-pole induction motor with a squirrel-cage motor with     P   n   = 22   k W ;   U   n   = 380   V ;   f   n   = 50   H z .  



The inductance and resistance of the stator are     R   s   = 0.18   O m ;   L   s   = 1.3   m H .   The parameters are similar, but the values for the rotor are     R   r   = 0.08   O m ;       L   r   = 1.78   m H .   The mutual inductance is     L   m   = 0.0535   H .   The motor operates at a previously defined load characteristic, which is described by the equation:


  M ( ω ) = 10.1 + 0.006     ω   2   .  



(8)







The load characteristic equation is influenced by the magnitude and nature of the load type, which is determined by the application of the specific drive. When calculating the differential equations, a variable step was selected using the ‘discrete (no continuous state)’ method. The calculation step size was set to 2 µs. By varying the output frequency of the converter from 5 to 50 Hz, the rotational speed of the standard motor is regulated from 147.6 rpm to 1464 rpm.



Measurement blocks for instantaneous voltage and current signals obtained from sensors, similar to those described in [29], were used. The calculated power allows us to determine the efficiency, shift, total harmonic distortion, and power coefficients at both the motor input and the drive input. The total harmonic distortion (THD) coefficients can also be found from the results of oscillogram processing:


    T H D   U   =    ∑  v             U   v       U   1          2      ;  



(9)






    T H D   I   =    ∑  v             I   v       I   1          2      .  



(10)







The power coefficients are determined using harmonic spectra of currents and voltages [28]:


  χ =    c o s φ    1 +   T H D   U   2   +   T H D   I   2   +   T H D   U   2   ·   T H D   I   2       .  



(11)




When determining the power factor at the drive input, an infinite power source with undistorted three-phase voltage on a distorting load is assumed, then the power factor of the electric drive is determined by the expression [15,30]:


  χ =    c o s φ    1 +   T H D   I   2       .  



(12)







The DIMASDrive program enables the calculation of equivalent circuit parameters, which in turn serve as input data for simulation in the MATLAB/Simulink environment.



The serial motor and its modification have the following equivalent circuit parameters (Table 5), which are used as initial data for calculations in MATLAB/Simulink.



The results of modeling drives using a standard 4A180S4 motor and its modification in the MATLAB/Simulink environment are presented in Table 6 and Table 7. They show the energy indicators at the input of the drives of the variants under consideration, as well as the efficiency of the frequency converter.



In Table 6 and Table 7, differences are observed in the values of currents, power, and rotational speeds. These energy indicators are practically identical according to the results of modeling drives with a serial motor and its modification.




6. Calculation of the Range Criterion for Drive Costs


Using the optimization criterion—the efficiency of an induction motor—does not provide complete information about the quality of a controlled drive. As mentioned above, quality can be represented by an innovative criterion of the reduced costs of the electric drive, which takes into account not only the cost and energy efficiency of the drive, but also the costs of compensating for reactive power and distortion power, which characterize the electromagnetic and energy compatibility of the drive with the network. At present, the cost component of distortion compensation is not taken into account in the discounted cost criterion; consequently, the quality of the drive, expressed in monetary terms, is assessed incompletely and is therefore underestimated. A method for calculating this component and incorporating it into the discounted cost criterion is proposed.



The required calculations are described in detail in [15]. In the calculations performed, most of the parameters used in the economic model were taken from the design methodology for general-purpose induction motors (    k   d   = 0.065  —proportion of costs for depreciation,     k   s   = 0.069  —proportion of costs for maintenance during drive operation,     k   m y   = 0.25  —the FCAED’s contribution to peak loads,   t g   φ   0   = 0.484  , where     φ   0    —the phase angle between the FCAED’s current and voltage at which reactive power need not be compensated,     a   r   = 0.04  —a coefficient accounting for losses in distribution networks. The cost of 1 kWh of active energy     c   a e   = 1.5   c.u. and the annual operating time of the drive     t   E D   = 2000   h   are assumed. The cost of installing 1 kVAR of reactive power compensation equipment     c   k 1   = 10   c . u .   and the cost of installing 1 kVAR of distortion power compensation equipment     c   k 2   = 10   c . e .   were adopted following an analysis of price lists from electrical engineering companies, in particular, ELHAND, Poland, which manufactures chokes and filters.



In the operating modes under consideration, in the first mode, the drive operates in the control range of 148–1440 rpm, and for this range, the average values of the coefficients and the active power consumed by the FCAED are determined.



In the second mode, the drive operates according to a specified tachogram (3600 s—200 rpm; 3600 s—600 rpm; 3600 s—1400 rpm), and the coefficients and active power consumption are calculated using the corresponding expressions given in [15].



With a payback period of 5 years and an average inflation rate of 4%, the inflation factor will be 1.083. Further calculations used the permissible total harmonic distortion coefficient     T H D   I D   = 20 %  . We also assume that the cost of a drive with a 4A180S4 series motor is 6000 c.u. (the cost of a frequency converter is 5000 conventional units and the cost of a 4A180S4 series motor is 1000 c.u.).



It is now common practice to evaluate the performance of controlled asynchronous electric drives using MATLAB Simulink, which makes it possible to compare different drive configurations.



One of the reasons for the overestimated efficiency values of the induction motor calculated in MATLAB/Simulink, compared with the efficiency values obtained using the DIMAS program, is that MATLAB/Simulink does not account for core losses (both main and additional), mechanical losses, and stray losses in the motor. As a result, the mid-range efficiency of the drive with the standard induction motor 4A180S4 increases by a factor of 1.097, while the overall efficiency over the operating range, taking into account the tachogram, increases by a factor of 1.12. A similar increase is observed for the drive with the second modification of the standard motor (the mid-range efficiency increases by a factor of 1.049, and the range efficiency with the tachogram by 1.051). For a correct calculation of the cost criterion, it is proposed to recalculate the drive efficiency using the efficiency of the frequency converter obtained from MATLAB/Simulink simulations and the efficiency of the induction motor obtained from simulations using the DIMASDrive program.



In accordance with the methodology for calculating the range criterion for the given costs:


  D C C =   C E D +   C   r p c 1   +   C   r p c 2     ·   1 + (   k   d   +   k   s   )   +   C   L   ;  



(13)




as set out in [15], given known values for the drive cost CED and range values (either average-range or range values taking into account the tachogram) for   ɳ ,   c o s φ ,     P   1     and χ, the components of the criterion can be calculated: costs associated with reactive power compensation:


    C   r p c 1   =   c   k 1   ·   k   m y   ·   P   1   ·   t g   a r c c o s φ   − t g   φ   0     ·   t   E D   ;  



(14)




costs of compensating distortion power:


    C   r p c 2   =   c   k 2   ·   k   m y   ·   P   1   · {  [ t g   ( a r c c o s χ ) ]   2   − [ t g   ( a r c c o s φ ) ]   2    − t g [ a r c c o s    1    1 +   T H D   I D   2   +   T H D   U D   2   +   T H D   I D   2   ·   T H D   U D   2       ] } ·   t   E D   ;  



(15)




and the annual cost of electrical energy losses:


    C   L   =   c   a e   ·   P   1   · ( 1 +   a   r   − n ) ·   t   E D   .  



(16)







It should be noted that, in this case, reactive power compensation need not be taken into account, as   t g   φ   0     is significantly less than 0.484.



To account for inflation, it is advisable to represent the criterion as two components: initial capital investments:


  K = C E D +   C   r p c 1   +   C   r p c 2   ;  



(17)




and annual costs:


  Y = (   k   d   +   k   s   ) ⋅ ( C E D +   C   r p c 1   +   C   r p c 2   ) +   C   L   .  



(18)







Table 8 shows the results of the calculations.



Similarly, calculations were performed for the FCAED with the second modification of the 4A180S4 series engine (Table 9). The inflation coefficient and the permissible coefficient of non-linear current distortion remained the same. We also assume that the cost of the drive is 6200 conventional units, since the cost of the third modification of the serial engine increased by 200 conventional units.



Sensitivity of the DCC criterion to the inflation coefficient and the permissible value of     T H D   I D     can be considered for one of the FCAED variants. Figure 5 shows the values of the mid-range DCC criterion for an electric drive with a motor of the second modific.




7. Conclusions


The design of variable-speed induction motors for the variable-frequency drive of a pump unit is carried out on the basis of the motor and drive control characteristics, which are derived taking into account the nature, magnitude, and control range represented by the load characteristic of the pump unit. The optimization procedure implemented in the DIMASDrive program makes it possible to modify the structure and design parameters of the base standard motor in order to achieve a better value of the design criterion, namely motor efficiency. At the same time, the quality of a given design variant of the variable-speed drive is fully assessed using an innovative range-based reduced-cost criterion. To determine this criterion, the design variants are simulated in the MATLAB/Simulink environment. This criterion takes into account not only the cost and energy efficiency of the drive, but also the costs of compensating reactive power and distortion power, which characterize the drive’s energy and electromagnetic compatibility with the grid. By comparing the reduced costs of several design variants, the preferred option is selected as the one characterized by the minimum reduced cost.



The presented results were obtained entirely through simulations conducted using validated software. Experimental studies of the prototype will provide the final answer regarding the solution.



	
For modeling and subsequent optimization of the FCAED, it is necessary to represent the load mechanism (pump unit) as a function n(M).



	
In the structural and parametric optimization used in these studies, performed using the DIMASDrive program, an increase in the engine’s range efficiency is observed. The average range efficiency of the serial motor is 83.3%, and the average range efficiency of the 2nd modification motor is 88.7%. A similar ratio applies to range efficiency taking into account the tachogram, 79.2% versus 87%.



	
It is proposed to use the motor efficiency values obtained with the DIMASDrive program, since MATLAB/Simulink does not account for core (iron) losses, mechanical losses, and additional losses in the motor, which leads to an overestimation of the motor’s efficiency.



	
It has been confirmed that, within the considered control range, the input phase shift coefficients of the drives are nearly identical and close to unity for the considered cases of frequency—controlled asynchronous electric drives. The power factors and THDi are also virtually identical.



	
The criterion for the costs incurred must take into account the need to compensate not only for reactive power, but also for distortion power. For the first time, it has been proposed that the calculation of the bandwidth criterion should take into account the costs of compensating for the distortion power that determines the drive’s electromagnetic compatibility.



	
The medium-range innovative criterion for the drive’s reduced costs is reduced by 3.6% when an optimized motor (2nd modification) is used instead of a standard motor.



	
With the given values of the cost of installing 1 kVAr distortion power compensation devices (10 c.u. is assumed in the calculations) and the permissible total harmonic distortion factor (20% is assumed in the calculations), a significant portion of the reduced cost criterion is accounted for by the costs of distortion compensation.



	
The values of the reduced cost criterion depend on the operating load mode. In the examples considered, the DCC values differ when the control range is taken into account and when the drive operating tachogram is taken into account.



	
The value of the drive’s DCC criterion is influenced by a number of factors, including the inflation coefficient and the permissible value of     T H D   I D    .



	
The criterion of reduced costs, which allows the quality of various drive options to be fully assessed using a cost indicator, can be used both in research on existing drives and in the optimized design and multi-faceted modeling of controlled asynchronous electric drives.
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Nomenclature




	IM
	induction motor



	   χ   
	power factor



	     T H D   I     
	total harmonic distortion of current



	     T H D   U     
	total harmonic distortion of voltage



	     T H D   I D     
	total harmonic distortion coefficients of currents



	     ɳ   c d     
	mid-range efficiency criterion



	     χ   c d     
	mid-range power factor criterion



	     c o s φ   c d     
	mid-range shift coefficient criterion



	     ɳ   d t     
	range criterion of efficiency taking into account the tachogram



	     χ   d t     
	range criterion of power factor taking into account the tachogram



	     c o s φ   d t     
	range criterion of the phase shift factor taking into account the tachogram



	     P   1 c d     
	mid-range active power consumption



	     P   1 d t     
	range active power consumption taking into account the tachogram



	     D C C   c d     
	mid-range discounted costs



	     D C C   d t     
	range discounted costs taking into account the tachogram



	     C   r p c 1     
	cost of reactive power compensation of the first kind



	     C   r p c 2     
	cost of reactive power compensation of the second kind



	     C   L     
	cost of active losses



	K
	capital expenditures



	   C E D   
	drive cost



	     Y   i     
	annual operating costs



	     d   I N F     
	annual inflation coefficient



	     k   I N F 1     
	average inflation coefficient
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Figure 1. Characteristics of the change in the parameters of the H and Q axial pump. 






Figure 1. Characteristics of the change in the parameters of the H and Q axial pump.



[image: Designs 10 00056 g001]







[image: Designs 10 00056 g002] 





Figure 2. Family of mechanical characteristics of the 4A180S4 series motor and load characteristic of the pump. 
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Figure 3. Thermal characteristics of the proposed motors. Dashed lines denote the adjustment range. 
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Figure 4. Dependences of the change in the efficiency of the motors in the control range 1—serial motor; 2—modification one; 3—modification two. Dashed lines denote the adjustment range. 
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Figure 5. Dependence of the DCC criterion on the inflation coefficient and the permissible value of     T H D   I D   .   
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Table 1. Transition from dependence H = f(Q) to dependence n = f(M).






Table 1. Transition from dependence H = f(Q) to dependence n = f(M).





	n, rpm
	Q, m3/s
	Q, m3/h
	H, m
	      ɳ   p u m p      
	   P   , kW
	M, N·m





	148
	0.011
	39.43
	1.35
	0.803
	0.175
	11.5



	397
	0.0299
	107.64
	2.54
	0.811
	0.914
	22



	662
	0.0499
	179.64
	4.65
	0.824
	2.772
	40



	927
	0.069
	250.00
	8.0
	0.833
	6.524
	67



	1192
	0.0898
	323.28
	11.9
	0.846
	12.476
	100



	1440
	0.11
	393.00
	18.1
	0.852
	22.922
	150










 





Table 2. Values of variable variables.






Table 2. Values of variable variables.





	Variable

Parameters
	w1
	qeff, mm2
	     d   i n s   ,    mm
	L, mm
	H1,

mm
	GP,

mm
	ZR

-
	A2,

mm
	D1,

mm
	D2,

mm





	Serial IM
	92
	3.68
	1.33
	145
	25
	11
	38
	33.75
	8.9
	3.2



	2nd modification
	90
	5.07
	1.535
	203.7
	28.3
	12
	38
	26.3
	8.9
	3.8










 





Table 3. Values of mid-range efficiencies.






Table 3. Values of mid-range efficiencies.





	Serial motor 4A180S4
	     ɳ   I M m . r .   = 0.833   



	1st modification
	     ɳ   I M m . r .   = 0.865   



	2nd modification
	     ɳ   I M m . r .   = 0.887   










 





Table 4. Range efficiency values taking into account the tachogram.






Table 4. Range efficiency values taking into account the tachogram.





	Serial motor 4A180S4
	     ɳ   I M t a c h .   = 0.792   



	1st modification
	     ɳ   I M t a c h .   = 0.835   



	2nd modification
	     ɳ   I M t a c h .   = 0.87   










 





Table 5. Parameters of the equivalent circuit of the serial motor and its second modification.
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	Parameters Motor
	      r   1      , Om
	     r   2   ′   ,    Om
	     x   1     , Om
	     x   2   ′   ,    Om
	     x   m   ,    Om





	Serial 4A180S4
	0.18
	0.08
	0.42
	0.56
	16.8



	2nd modification
	0.156
	0.117
	0.67
	0.117
	33.3










 





Table 6. At the drive input when using a serial motor.






Table 6. At the drive input when using a serial motor.





	f, Hz
	U, V
	I, A
	P, kW
	n, rpm
	cosφ
	THDI
	χ
	      ɳ   F C      





	5
	218.3
	0.84
	0.28
	148
	0.998
	1.67
	0.513
	0.858



	10
	218.3
	1.76
	0.60
	296
	0.999
	1.62
	0.523
	0.950



	15
	218.3
	3.49
	1.22
	445
	0.996
	1.57
	0.535
	0.963



	20
	218.3
	6.18
	2.24
	593
	0.997
	1.49
	0.554
	0.985



	25
	218.3
	10.2
	3.83
	740
	0.995
	1.41
	0.574
	0.994



	30
	218.3
	15.85
	6.18
	886
	0.992
	1.33
	0.595
	0.992



	35
	218.3
	22.91
	9.27
	1032
	0.989
	1.25
	0.618
	0.998



	40
	218.3
	30.19
	12.61
	1151
	0.986
	1.18
	0.637
	9.928



	45
	218.3
	42.87
	18.79
	1322
	0.982
	1.08
	0.668
	0.992



	50
	218.3
	55.61
	25.21
	1464
	0.979
	1.00
	0.692
	0.986










 





Table 7. At the input of the drive when using the motor of the 2nd modification.






Table 7. At the input of the drive when using the motor of the 2nd modification.





	f, Hz
	U, V
	I, A
	P, kW
	n, rpm
	cosφ
	THDI
	χ
	      ɳ   F C      





	5
	218.3
	0.66
	0.22
	145
	0.999
	1.67
	0.512
	0.932



	10
	218.3
	1.59
	0.54
	295
	0.999
	1.63
	0.521
	0.959



	15
	218.3
	3.28
	1.15
	444
	0.997
	1.57
	0.534
	0.974



	20
	218.3
	6.08
	2.05
	591
	0.997
	1.49
	0.554
	0.972



	25
	218.3
	9.99
	3.75
	737
	0.995
	1.42
	0.573
	0.99



	30
	218.3
	15.54
	6.05
	882
	0.993
	1.33
	0.594
	0.995



	35
	218.3
	22.47
	9.07
	1024
	0.989
	1.25
	0.616
	0.996



	40
	218.3
	29.58
	12.32
	1141
	0.987
	1.18
	0.636
	0.992



	45
	218.3
	41.99
	18.29
	1308
	0.983
	1.08
	0.665
	0.991



	50
	218.3
	54.21
	24.46
	1444
	0.979
	1.01
	0.689
	0.988










 





Table 8. Drive indicators with a 4A180S4 series motor.
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Options

	
Mid-Range

	
For the

Tachogram

	
Mid-Range

Adjusted for

Inflation

	
For the Tachogram Adjusted for Inflation




	
Indicators






	
η

	
0.809

	
0.756

	
0.809

	
0.756




	
CED, c.u.

	
6000

	
6000

	
6000

	
6000




	
cosφ

	
0.992

	
0.992

	
0.992

	
0.992




	
P1, kW

	
8.02

	
8.28

	
8.02

	
8.28




	
χ

	
0.591

	
0.582

	
0.591

	
0.582




	
Crpc2, c.u.

	
46,475

	
49,325

	
46,475

	
49,325




	
CL, c.u.

	
5558

	
7054

	
5558

	
7054




	
K, c.u.

	
52,475

	
55,325

	
52,475

	
55,325




	
Y, c.u.

	
12,589

	
14,468

	
13,634

	
15,668




	
DCC, c.u.

	
65,064

	
69,793

	
66,109

	
70,993











 





Table 9. Drive indicators using the second modification of the 4A180S4 serial motor.






Table 9. Drive indicators using the second modification of the 4A180S4 serial motor.





	
Options

	
Mid-Range

	
For the

Tachogram

	
Mid-Range

Adjusted for

Inflation

	
For the Tachogram

Adjusted for Inflation




	
Indicators






	
η

	
0.868

	
0.842

	
0.868

	
0.842




	
CED, c.u.

	
6200

	
6200

	
6200

	
6200




	
cosφ

	
0.992

	
0.992

	
0.992

	
0.992




	
P1, kW

	
7.81

	
8.26

	
7.81

	
8.26




	
χ

	
0.589

	
0.579

	
0.589

	
0.579




	
Crpc2, c.u.

	
45,537

	
49,659

	
45,537

	
49,659




	
CL, c.u.

	
4029

	
4906

	
4029

	
4906




	
K, c.u.

	
51,737

	
55,859

	
51,737

	
55,859




	
Y, c.u.

	
10,962

	
12,391

	
11,871

	
13,419




	
DCC, c.u.

	
62,700

	
68,250

	
63,609

	
69,279
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