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Abstract – The paper aims at the temperature distribution modelling in anatomically correct female breast cancer 

model using modified Pennes bioheat equation. In our case a heat transfer in the tumor tissue was considered using 

different perfusion models i.e. constant, linear and non-linear temperature-dependent blood perfusion model. These 

temperature-dependent models have been applied in order to account for the strong temperature dependence due to 

bio-regulatory processes inside naturalistic irregular shaped breast tumor. It was found that the temperature patterns 

distributions do not strongly depend on the perfusion model but they have an impact on temperature rise and its value.  

 

1 Introduction 

Electromagnetic (EM) field is increasingly used in the treatment of hyperthermia, due to the thermal effect in 
cancer tissue and proven efficacy in the treatment of tumors of various locations, including female breast 

tumors. Breast carcinoma is the most frequently diagnosed cancer in women [1,2]. One of the promising 

oncological therapies, still in the phase of intensive clinical trials, is the so-called magnetic fluid hyperthermia 
(MFH) [3]. MFH is based on feeding magnetic nanoparticles (MNPs) into cancer and then external EM field 

of hundreds of kilohertz is applied to induce the tumor temperature in the therapeutic range of 40–45oC. In this 

way the MNPs dissipate heat and activate biochemical paths leading to necrosis or apoptosis of malignant cells 

[4]. The idea of MFH therapy is presented in Fig. 1.  

Fig. 1. Idea of magnetic fluid hyperthermia (MFH): magnetic nanoparticles (MNPs) are fed into tumor and then external 

EM field is applied.  

On should realize, that when human tissues are exposed to an alternating EM field, the eddy currents effect is 

observed due to non-zero conductivity of the tissues [5,6]. That effect describes the process where the energy 

of an electric current is converted into heat as it flows through the tissues, which finally leads to their heating. 
In the case of MFH, apart from the eddy currents power losses, at the same time the single-domain 

nanoparticles magnetic power losses should be considered. The phenomenon of heat dissipation from MNPs 

is very sophisticated and depends on their concentration, the distribution and the relaxation mechanism in the 



tumor together with the magnetic field strength and its frequency [7]. However, when comparing both eddy 

currents and the single-domain nanoparticles magnetic power losses, the effect of the former can be neglected 

as it is about a hundred times lower [8]. 

The heat sources in EM-induced hyperthermia can be various types of applicators [9–11], coils [12] and 

antennas [3–15] operating on radio and microwave frequencies. Depending on the heating technique chosen, 

the temperature of the tumor may exceed 50°C, which is associated with the ablation of the cancerous tissue 

[16–18]. The efficacy of thermal therapy may be enhanced by associated targeted therapy, including radio-, 
chemo-, immune- or gene therapy [19,20], where nanocarriers might be magnetic particles of different physico-

chemical structure [21–24]. 

During in-silico studies on hyperthermia and ablation treatments, cancerous tumors are most often modelled 

with spheres [2,25–27] or ellipsoids (prolate or oblate spheroids) [28]. However, a recent interest of naturalistic 
tumor shapes [29] asks about the possibility of taking into account irregular tumor models in thermal therapies 

procedures.  

It should be emphasized that the presented paper ignores important aspects of alternating EM field generation, 
as they are irrelevant from the point of view of the analysis of various tumor perfusion models. The authors 

assumed a specific value of power dissipation of MNPs, which results from previous performed in-silico and 

in-vitro studies of magnetite nanoparticles immersed in an aqueous solution [30,31]. 

In the previous work [30], the authors have shown that the different perfusion tumor models effect significantly 

temperature rise taking into account the spherical tumor model. In the case of irregular shaped tumor such a 

situation is not straightforward as it is shown in the current work.  

2 Modified Pennes Equation 

A mathematical model dedicated to the numerical analysis of heat transfer in human tissues was proposed by 

Pennes in the middle of last century [32]. In this model, blood perfusion is assumed to be uniform throughout 

the tissue and all the heat leaving the artery is absorbed by the local tissue with no venous rewarming. However, 
the Pennes model is limited to the constant-rate blood perfusion i.e. the arterial temperature is assumed to be 

equal to the body core temperature. That means Pennes original model describes blood perfusion with 

acceptable accuracy if there are no large vessels nearby, like for example, liver [32].  

Nevertheless, the vascularised tissue often experiences increased perfusion as temperature increases and it is 
necessary to consider a more general form of Pennes equation in which the blood perfusion is a function of 

temperature. The temperature dependent blood perfusion is especially desired when dealing with magnetic 

fluid hyperthermia and in the cases were high temperature gradients can occurred [8]. In spite of the fact that 

the temperature-dependent blood perfusion values are still open for discussion, the non-linear ones seem to be 

the most accurate and provide a faithful representation of the heat dissipation in human tissues [2,3,33,34].  

In this work, the temperature distribution was calculated using the modified Pennes equation as [32]: 
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where  is the tissue density, c is the tissue specific heat capacity, k is the tissue thermal conductivity, cb is the 

blood specific heat capacity, Tb is the arterial blood temperature, T is the local temperature, Qm is the heat 

generation rate (HGR in W/kg) due to the metabolic heat, Qnano is the external power losses due to the eddy 
current effect and other sources, and ω(T) is the blood perfusion. In practice, the temperature-dependent 

perfusion is often defined as so called heat transfer rate (HTR) and defined as HTR(T) = ρb Cb ρω(T). In our 

case, the following perfusion models were considered [30]: 
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b) linear model: 

    HTR 1.08 0.4T T          (3) 

c) constant model: 

    HTR 0.6T           (4) 

Beside the models (Eqs. 2–4) a completely free of no-blood-perfusion model, HTR(T) = 0, was investigated 

for comparative analysis.  

In the case when dealing with MFH it was shown that the power losses generated by magnetic nanoparticles 

present in the tumor play a crucial role when comparing to the eddy currents [8]. That is why the external 

power losses can be expressed as [35]: 

              2 1

nano 0 0 MNPπμ W/kg Q H f          (5) 

where χ′′ is the average out-of-phase component of susceptibility from each magnetic nanoparticle and f is the 

frequency of applied electromagnetic field with magnetic field strength equal to H0 and MNP is the density of 

core magnetic nanoparticles.  

To specify the thermal conditions at the boundaries of the computational domain the mixed boundary 

conditions were set in order to describe convection effect as follows [36]: 
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where ∂T/∂n means the directional derivative of temperature in normal direction, k is the thermal conductivity 

of skin, h is the heat transfer coefficient and Text is the external temperature. This boundary condition is appro-

priate for modeling effects like convection, e.g., the cooling effect of blood in major blood vessels or cooling 

effect of air around a body. Additionally, model includes exchange of radiative heat with the boundary term 
of the form [36]: 

 4 4

radiation SB ext F T T            (7) 

where σSB = 5.67∙10–8 W/m2/K4 is the Stefan-Boltzmann constant. 

Above equation can be also expressed as: 
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or for small temperature differences, it can be approximated by: 

  3
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Finally, taking the above into account, the mixed boundary condition (6) used in the simulation with coeffi-

cient h = 4SBT 3
ext can be written as: 
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3 Anatomically Correct Female Breast Phantom 

In order to get as close as possible to the real disease case, the authors performed calculations using the 
anatomically correct model of the female breast with irregular shaped cancer as presented in Fig.2. The breast 

screening of tumor was provided by Dalian University of Technology, China. In Fig. 2-left the screening 

mammography image can be seen together with the tumor marked by red circle. On the right in Fig. 2, it can 

be seen the tumor model with regard to sphere of radius r = 10 mm in order to better visualise tumor’s irregular 

shape. 

 

Fig. 2. Screening mammography of the tumor (left) and the tumor model (right) with regard to sphere of radius r = 10 

mm. 

As for the female breast phantom used in this work, it was taken from UWCEM Numerical Breast Phantom 

Repository (see Fig. 3-left) and the following tissues were extracted and coloured: skin – red, muscle – orange, 
breast fat – yellow, fat – green, breast gland – blue. Besides, in order to mirror the screening mammogram 

from Fig. 2, the tumor model was included in the breast as it is shown in Fig. 3. Similar breast phantoms one 

can find in [3,15,25,27,29,37] however, the proposed models were simplified to the semi-ellipsoidal block, the 
semi-sphere or to the anatomically correct shape without naturalistic breast tissues. In this work the 

anatomically correct female breast model was used together with naturalistic tumour model. Tissue parameters 

were taken from freely available databases [38] and their physical parameters are gathered in Table 1 for 

frequency 100 kHz. Importantly, the HTR coefficient for tumor, given in Table 1, is variable due to used blood 

perfusion model (see Eqs. 2–4). 

 

Fig. 3. Female breast phantom xy-cross section including irregular shaped tumor (left), the different perfusion models as 

presented in Eqs. 2–4 [30] (right). 

 



Table 1. Physical parameters of the breast phantom for frequency f = 100 kHz [38]. 

Tissue 
Density 

ρ [kg/m3] 

Heat capacity 

c [J/kg/K] 

Thermal 

conductivity 

k [W/m/K] 

Heat Transfer Rate  

HTR [mL/min/kg] 

Heat Generation Rate  

HGR [W/kg] 

Skin 1109 3391 0.37 106 1.65 

Muscle 1090 3421 0.49 37 0.91 

Fat 911 2348 0.21 33 0.51 

Breast fat 911 2348 0.21 47 0.73 

Breast gland 1041 2960 0.33 150 2.32 

Blood 1050 3617 0.52 10000 0.00 

Tumor 1090 3437 0.57 var 12 

4 Numerical analysis 

In order to numerically investigate the described problem as presented in Sections 2 and 3 a commercially 

available Sim4Life software [36] was employed. In our case the Thermal Solver integrated into Sim4Life 
platform was used to simulate the thermal effects in the particular setup as presented above. From mathematical 

point of view, the thermal solver is based on the extended form of diffusion differential equation with specific 

boundary conditions. 

In our case the initial conditions, T0, understood as temperature for each individual breast tissue at the start of 

the simulation was set to 37oC, the overall (background) temperature was set to 25oC and the heat transfer 
coefficient h was set to 5 W/m2/K. In addition, it was assumed that the power density generated by MNPs 

(placed inside the tumor) is homogenous and it is at the level of Qnano = 100 W/kg. This value is already 

recognized as a minimum one, which is desired to reach the therapeutic temperature 42oC [30]. In this way, it 
was assumed that magnetic nanoparticles are uniformly distributed in the tumor volume as found in many 

similar papers [31]. However, heterogeneous nanofluid spatial distribution inside tumor tissue is also the 

subject of intensive hyperthermia studies [39]. One should also realise that the coefficients of the blood 
perfusion models have been chosen so that their common point falls to 42oC i.e. at therapeutic temperature, 

which seems to be relevant assumption.  

In Fig. 4 can be seen the cross-section temperature distributions in the breast model in the steady-state after 

1800 seconds due to heat source from magnetic nanoparticles Qnano. One can notice that temperature about 

42oC inside the tumor and its vicinity has been reached for every perfusion model under consideration. 
However, it can also be seen that the temperature patterns distributions have changed a little from case to case. 

It is clear that heterogeneous temperature distribution in the tumor vicinity can be observed because of irregular 

tumor shape as well as due to different properties of the tissues surrounding the tumor. To better visualise these 

heterogeneous patters the circle of radius r = 10 mm has been added to the drawings. 

Fig. 5 indicates that the therapeutic temperature profiles in the middle of the tumor was reached in all cases 

except the one where there is no perfusion – in this case the temperature was the highest, as expected, and it 

was about 43oC. Moreover, for the constant and linear perfusion models the temperature over time is almost 

the same. From computational point of view such a situation is very important as every nonlinear model is 
very time-consuming. Therefore, it is advisable to use simplification models with linear or constant tumor 

blood perfusion rates. 

 



 

Fig. 4. The xy-cross section of temperature distributions passing through the middle of the tumor in the steady-state for 

different perfusion models.  

 

Fig. 5. Temperature over time in the tumor centre for different blood perfusion models.  

 

5 Conclusions 

In present paper, the temperature distribution modelling in anatomically correct female breast cancer using the 

modified Pennes bio-heat equation has been presented. Three different perfusion models i.e. constant-, linear- 
and non-linear temperature-dependent blood perfusion models in the tumor tissue were considered. In addition 



the perfusion-free model was investigated for comparative analysis. These dependences have been applied in 

order to account for the strong temperature dependence due to bio-regulatory processes inside naturalistic 
irregular shaped female breast tumor. It was found that the temperature patterns distributions do not strongly 

depend on the perfusion model but the application of the particular model has an impact on temperature rise 

ratio and its value.  

Regardless of the irregular shaped tumor and the anatomically correct female breast tissues distribution, the 

differences in blood perfusion models do not influence the temperature patterns distributions. However, it was 
shown that temperature rise ratio depends on the applied perfusion model. Moreover, it is worth noticing that 

the application of the non-linear model and the constant one in the modified Pennes bio-heat equation, gave 

the same temperature rise in the function of time. This result can be very useful from computational point of 
view i.e. non-linear models are often time- and memory-consuming models. Therefore, the authors recommend 

the use of simplified models with linear or constant perfusion rates during the hyperthermia treatment planning. 

All in all, the results presented above indicate that uniform MNPs distribution in the tumor volume leads to 

non-uniform temperature distribution in its volume and vicinity. It was shown that the application of different 
perfusion models has an impact on the temperature rise in the tumor’s centre. The considered and investigated 

mathematical model did not include the eddy currents power losses but one should realize that they can lead 

to undesired energy dissipations limiting the amount of energy that can be deposited in an individual patient. 

In order to correlate the hyperthermia treatment with the clinical results, it is mandatory to know what 
temperatures are reached in the target tissue. This study may represent a step forward in the planning 

procedures for each patient individually. The authors showed that taking into account the temperature 

dependence of blood perfusion in the treated tissue might play an important role in the complex process of a 

treatment planning. 
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Fig. 1  Gas-fired industrial chemical reactor 
Fig. 2  Plant with a tank reactor as the main element of 

the industrial system 

 The aim of the research is to develop an optimal machine learning model based on artificial neural 

networks, thanks to which the obtained spatial tomographic reconstructions will be characterized by the highest 

quality of mapping real states. 

2 Materials and methods  

The study looked at the optimal use of the artificial neural network (ANN) and/or the convolutional neural 

network (CNN) to solve the inverse problem in industrial electrical impedance tomography (EIT) [9–11]. The 

first considered model took into account many neural networks (MANN), each of which had measurements at 
the input and a real number at the output reflecting the value of a single voxel [12]. The second model considers 

training of CNN based on the input data vector (1D). The tomograph uses 32 electrodes placed around the 

tested reactor. The number of voltage measurements between the individual electrode pairs was 448 for each 
tested case. The resolution of the 3D image was 14100, which means that the structure of the MANN includes 

14100 separately trained ANNs with a single output. The structure of an MNN can be specified as MNN =
(448 → 20 → 1) × 14100. According to the mentioned model, all the networks included in the MANN have 

20 neurons in the hidden layer. Figure 3 shows the flow chart of MANN. As you can see, the key is to dedicate 
a separate neural network to each voxel of the output image. Thanks to this original approach, the 

computational complexity of the neural network that directly generates the value of each of the 14100 voxels 

is reduced. Figure 4 shows the general model of how CNN works [13]. It is a homogeneous neural network 

that processes 448 inputs into 14,100 outputs in one pass. 

 

Fig. 3  Workflow of multiple artificial neural network 

(MANN) 

 

Fig. 4  Workflow of a convolutional neural network 

(CNN) 

The set of all observations consisted of 30,000 cases. The results of training the multilayer perceptron network 
for a randomly selected voxel are presented in Table 1. The main criterion for assessing the quality of the 

MANN neural network used during its training was MSE. Mean squared error (MSE) is the mean squared 

difference between patterns and reconstruction images and it is satisfied by formula (1) 

MSE =
∑ (𝑦𝑖 − 𝑦̂𝑖)

2𝑛
𝑖=1

𝑛
 (1) 

where 𝑛 – the number of voxels in the image and, at the same time, the number of finite elements in the image 

mesh, 𝑦𝑖 – the reference value of i-th pixel, 𝑦̂𝑖—the reconstruction value of i-th pixel. R is regression R-value. 

It depicts the correlation between patterns and reconstructions. The set of observations was divided into three 

subsets - training, validation, and test, in the proportions 70:30:30. 

Table 1  Parametric ANN learning results for a selected voxel 

Sets Observations MSE R 



Training 

Validation 

Test 

21000 

4500 

4500 

0.0011 

0.0018 

0.0011 

0.9361 

0.8914 

0.9304 

Figure 5 shows the test stand used to verify the tomographic measurements. On the left side you can see the 
reservoir surrounded by a set of electrodes for EIT measurements. On the right, we see a tomograph which 

supplies electric current to the appropriate pairs of electrodes, in a fixed sequence and with appropriately 

selected current parameters, both voltage and amperage. 

 

Fig. 5  View of the test stand. On the left side is the reactor model with electrodes, and on the right side there is a 

tomograph 

Table 2 shows the 7 layers of CNN used. The first layer is sequential (1D) and contains 448 measurement 

values. The second layer is a convolutional layer containing seven 160-element filters. The next layer is the 

ReLu layer, which is designed to zero negative values. The fourth layer is the global max pooling layer. It 
accomplishes downsampling by producing an output that is maximal in all of the spatial dimensions of the 

input, so in this network the layer pools over the spatial dimension. Fully connected layers sum the products of 

inputs and weights and adds bias to each input. The fifth layer contains 5000 neurons and the sixth layer 14100 

neurons. The regression input layer is designed to compute the MSE after each iteration. 

Table 2  Layers of the CNN network 

 

Figure 6 shows the CNN learning process. The quality evaluation criterion is root mean square error (RMSE). 

Figure 7 shows a graph of the learning process using MSE as a quality criterion. All three lines showing the 

errors of the training validation and test sets are highly concurrent, which proves the correct course of the 
training process. The best validation performance of 0.0017883 was obtained at epoch 12. Both during CNN 

and MANN training, the course of the error line is hyperboidal, which proves the lack of overfitting and gives 

hope for high efficiency of the trained predictive model. 

In order to protect the neural network against overfitting, the early stopping method was used. The method is 

based on the application of a validation set to automatically complete the training process. The training process 
is stopped if the learning error does not decrease for the next six iterations. Small, cyclical fluctuations in the 



CNN training performance chart are the result of the necessity to set up a relatively small minibatch. This in 

turn is due to the memory limitations of the GPU used. 

 

Fig. 6  CNN training performance (RMSE) for a randomly 

selected voxel 

 

Fig. 7  ANN training performance 

(MSE) for a randomly selected 

voxel 

3 Results 

Figure 8 shows a comparison of the reconstruction of the MANN and CNN methods. The first column contains 

reference images. The second column contains the reconstructions generated with the use of the MANN model, 

and the third column contains the tomographic images resulting from the use of CNN. The comparison includes 
three cases, differing in the number, shape, dimensions, and location of the inclusions. What immediately 

catches the eye are the non-obvious differences between the MANN and CNN reconstructions. Upon closer 

examination of the images, it can be seen that the MANN method generates inclusions larger than CNN, and 
since CNN produces inclusions larger than patterns, it can be estimated that CNN is more accurate than 

MANN. 

# Pattern Reconstruction MANN Reconstruction CNN 

1. 

   

2. 

   

3. 

   

Fig. 8  Comparison of the reconstructive tomographic image with the template  

In order to enable an objective comparative assessment, it was decided to use four indicators: mean square 
error (MSE), normalized mean square error (NMSE), relative image error (RIE), and image correlation 



coefficient (ICC) [14]. The MSE metric was already described in the previous section by equation (1). 

Normalized mean squared error (NMSE) is the Euclidean norm of MSE and it is calculated as NMSE =
‖MSE‖. Formula (2) describes the RIE indicator. 

RIE =
‖𝑦̂ − 𝑦‖

‖𝑦‖
 (2) 

The MSE, NMSE and RIE indicators are error indicators, therefore the lower their value, the better the assessed 

model. The last indicator used is the ICC. It is a correlation index, so the closer its value is to 1, the better for 

the model. The ICC calculation method is presented in formula (3) 

ICC =
∑ (𝑦𝑖 − 𝑦̅)𝑁
𝑖=1 (𝑦̂𝑖 − 𝑦̅̂)

√∑ (𝑦𝑖 − 𝑦̅)2𝑁
𝑖=1 ∑ (𝑦̂𝑖 − 𝑦̅̂)

2𝑁

𝑖=1

 
(3) 

where: 𝑦̅̂ is the mean voxel values of the reconstructed image and 𝑦̅ is the mean ground-truth voxel values of 

the reference image. 

Table 3 presents a comparative comparison of both methods (MANN and CNN) based on the 4 above-

mentioned indicators. 

Table 3  Comparison of the values of qualitative indicators for both compared models – MANN and CNN 

Method Indicator Observation #1 Observation #2 Observation #3 Average 

MANN 

MSE 0.00173 0.00479 0.00613 0.00422 

NMSE 0.00478 0.00388 0.00581 0.00482 

RIE 0.70622 0.61952 0.75966 0.69514 

ICC 0.70886 0.78215 0.66800 0.71967 

CNN 

MSE 0.00124 0.00358 0.00475 0.00319 

NMSE 0.00343 0.00290 0.00450 0.00361 

RIE 0.59876 0.53559 0.66849 0.60095 

ICC 0.80100 0.84868 0.74919 0.79963 

Table 3 presents a comparative comparison of both methods (MANN and CNN) based on the 4 above-
mentioned indicators. Table 3 corresponds to Figure 8 because it assesses the same three observations. 

Observation # 1 contains a single inclusion. All three types of errors, MSE, NMSE, and RIE, are greater for 

MANN than for CNN. On the other hand, the ICC for CNN is as much as 10% higher than the ICC obtained 
by the MANN method. The same is true for the other two observations. In none of the tested cases, none of 

the four indicators promoted the MANN method. The last column of Table 3 presents the average results of 

the ratio analysis. Again, it turned out that all indicators show the superiority of CNN. In other words, the 

quantitative assessment carried out with the use of indicators showed a clear and decisive dominance of the 

CNN method over MANN. 

4 Conclusions 

Industrial tomography is a field that provides solutions that enable technological progress [15]. Modern 
industrial processes are often characterized by high dynamics and precision. These are basically two divergent 

goals which, however, must be met if the enterprise wants to be competitive. Speed and precision in the field 

of industrial process control is a guarantee of obtaining a good product delivered to the market in a short time. 

The only method to achieve both goals simultaneously is to automate industrial processes. Automation, in turn, 
requires constant monitoring using appropriate measuring sensors and software that is able to analyze the 

measurements and draw conclusions as to the corrective actions taken. Tomography is the only known method 

that enables imaging the interior of the examined object without damaging its structure or disturbing the 

processes taking place in it [9,16]. 

This study was aimed at assessing the suitability of the MANN and CNN methods in industrial electrical 

tomography. For this purpose, two models were trained, with the help of which a number of reconstructions 
were made. The reconstructions were compared both subjectively and using four indicators - MSE, NMSE, 

RIE and ICC. The conclusions that arise are that both methods are suitable for solving the tomographic inverse 



problem because they generate quite good reconstructions. A more detailed analysis, especially the index ones, 

indicates the superiority of the CNN method over MANN. 
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drive systems replace the "central" internal combustion engine with an electric motor [8], and in these 

solutions the clutch is often omitted, because in the case of an electric motor, it is not needed. With the 

development of technology and technologies related to drives and the electric motors themselves, 

manufacturers are able to achieve better and better operating parameters of drives while maintaining their 

high energy efficiency [3, 4, 12-14]. One of the main directions of the development of drives is to obtain the 

highest ratio of torque (maximum and possible to achieve in long-term operation) to volume / mass (the so-

called power / torque density ratio). This trend fits very well with the direct drive concept, which offers a 

number of advantages, including:  

● elimination of the multi-ratio mechanical transmission, which in addition to reducing the efficiency of the 

system is an element that requires maintenance and may be damaged,  

● providing additional space in the car, which can be used to install power batteries or increase its ground 

clearance,  

● no need for indirect power transmission through drive shafts, differentials and other complex mechanisms,  

● the possibility of a relatively simple implementation of a drive for 2, 4 or more wheels,  

● more effective recuperative braking (omitting the decrease in the efficiency of the drive system due to the 

gear ratios), 

● relatively easy disassembly of the drive during service,  

● better steering of the vehicle due to the possibility of direct torque setting separately on each of the wheels. 
  

In addition to a number of the advantages mentioned, this solution also has some disadvantages and 

limitations: 
  

● limited space in which the motor must fit,  

● impeded motor cooling,  

●  additional unsprung mass resulting from the mass of the motors installed in the wheels, [16-20]  

● structure in some applications more complicated in terms of sealing / maintaining high IP,  

● the necessity to cooperate with the braking system.  

During the implementation of many e-mobility projects in the Łukasiewicz - KOMEL institute, a lot of 

inquiries were made about the possibility of developing an electric direct drive for heavy commercial 

vehicles, requiring off-road or agricultural vehicles, which would have even greater torque, a structure 

resistant to harsh operating conditions and additionally integrated with the brake. On the basis of the 

knowledge acquired during the implementation of the e-mobility project and the analysis of various electric 

vehicle powertrains structures, in order to meet the above-mentioned expectations, it is necessary to develop 

a drive integrated with a mechanical transmission, which will fit in the wheel of a commercial vehicle.  

3 Assumptions of the drive structure 

During the implementation of the electric powertrain project for commercial vehicles, co-financed by the 

National Center for Research and Development under the LIDER XI program, it was planned to develop an 

innovative drive for installation in the wheel, characterized by a compact structure, integrated 

electromagnetic circuit, brake system and transmission, with the possibility of mounting in a wheel with a 

diameter of 17", and a maximum torque of 2000Nm (ultimately over 3000Nm). The developed drive will 

also be characterized by innovative design solutions, such as an efficient cooling system, low weight, the 

possibility of two operating modes ("low" utility and "high" normal). A drive with such functionalities is 

currently not available on the market. Functionally similar competitive solutions that can be found offer only 

some of the functions mentioned. They (which are usually not protected against external factors), moreover, 

they do not offer such maximum moments. The offered solutions of the gears for installation in the wheel for 

commercial vehicles do not have the possibility of switching the operating modes (only the possibility of 

disconnecting the drive) and after connecting to the motor they are much larger in size, and they do not have 

a brake. Summarizing, the final effect of the project will be a developed, manufactured and tested prototype 

of a drive system for wheel assembly with the following features:  

 

 ● design that allows installation in a 17" rim with a maximum torque of  2000Nm (ultimately over 

3000Nm), consisting of a gear and motor part, and a brake built inside, integrated into one functional unit,  

 ● possibility of obtaining two modes of operation of the drive system: the so-called utility mode. "low" 

(obtained maximum torque at the level of 2000Nm), and the so-called "high" mode (ratio 1: 1 between the 



drive output and the electric motor part, the faster travel of the commercial vehicle at a speed of at least 

80kmh),  

 ● optimized structure in terms of strength, stiffness, dimensions and technology.  

 

Figures 1 present the analyzed different solutions of the planetary gear located in the wheel hub 

  
Fig. 1  Different solutions of the planetary gear located in the wheel hub  

 

At the current stage of the project, preliminary design calculations of the transmission part and the 

electromagnetic circuit of the drive were carried out. The MitCalc software was used to calculate the 

transmission, while the Ansoft Motor-CAD program was used to calculate the electromagnetic circuit, which 

allows for the implementation of simulations of operation based on coupled models of the electromagnetic 

circuit, using FEM 2D and a thermal model based on thermal diagrams. Taking into account the conditions 

of the drive installation in a 17 "rim and the limitations of the drive width, it was decided to use a solution 

based on a planetary gear in the drive. The 3D Model of developed powertrain is presented on the figure 2. 

   
Fig. 2  3D model prototype drive 

 

Various solutions of the epicyclic gear located in the wheel hub were analyzed, based on various kinematic 

schemes presented in Figure 1. Each of the presented solutions obtains a different kinematic ratio. In the 

solution based on the kinematic diagram 1a, the yoke of the planetary gear is rigidly connected to the road 

wheel hub, so it transmits the torque to it. The ring wheel is fixedly connected to the housing. The torque to 

the gearbox is introduced by the sun gear. In this solution, the gear ratio i> 3 can be obtained. In the solution 

based on the kinematic diagram 1b, the gear yoke is rigidly connected to the wheel hub and transmits the 

torque to it. The torque for the gearbox is supplied to the ring gear. The sun gear is fixedly connected to the 

housing. This solution allows for moderate gear ratios i = 1.0 - 2.0. In the solution based on the kinematic 

diagram 1c, the gear yoke is rigidly connected to the housing, and the driving sun gear drives the ring gear 

associated with the road wheel hub by rotating the satellites. We are dealing here with a change in the 

direction of the rotational speed, and the size of the ratios obtained is approximately i = 2.5 - 2.8. Due to the 

possibility of obtaining high gear ratios and integration with the electromagnetic circuit, the solution 4a was 

used in the drive structure. Preliminary analyzes allowed to estimate that in the given dimensions it is 

possible to obtain even a gear ratio i = 3-3.5. Then, the analysis of an electromagnetic circuit possible to be 

made in the assumed dimensions was started. A motor with 48 magnetic poles and 54 slots was adopted for 



the calculations, this assumption results from the rotor angle sensors available on the market and possible to 

use in the analyzed structure and the inve

winding, concentrated coils were adopted, which guarantees a shorter structure of the fronts, lower winding 

losses and better winding cooling possibilities. Table 1 shows the motor/drive power

Design calculations were carried out in the Ansoft Motor

analytical equations and calculations based on 2D FEM. The temperature can be determined in steady and 

transient conditions. The program uses advanced models in the form of thermal networks.

Table 1  Input data and calculation results for the square configuration with filling of the slot with the impregnating 

Number of slots

Number of poles

Number of slots per pole 

Drive supply voltage 

Maximum current

 

The supply voltage result from the adopted voltage of the battery supplying the vehicle drive. The currents 

supplying the motor (rated and maximum)

inverter. Figure 3 shows a longitudinal section of the 

electromagnetic core with the calculated saturation distribution of the magnetic induction fro

magnets using the FEM 2D method.

Fig. 3 Model of the motor section in the Ansoft Motor

CAD program - longitudinal section

 

 

The performed calculations are based on the coupling of the electromagnetic circuit model with the thermal 

model. The calculations were based on 

coolant temperature (EGW 50/50) t

motor operating point: Tm = 450Nm and n = 800 rpm, I

has been selected so that the winding temperature at the warmest point does not exceed the value of t

150℃. Under these cooling conditions, this operating point can be designated as the rated operating point for 

the motor. 
 

the calculations, this assumption results from the rotor angle sensors available on the market and possible to 

use in the analyzed structure and the inverters that support them. Initially, as a solution for the motor 

winding, concentrated coils were adopted, which guarantees a shorter structure of the fronts, lower winding 

losses and better winding cooling possibilities. Table 1 shows the motor/drive power

Design calculations were carried out in the Ansoft Motor-CAD program. It uses a combination of advance 

analytical equations and calculations based on 2D FEM. The temperature can be determined in steady and 

ram uses advanced models in the form of thermal networks.
 

nput data and calculation results for the square configuration with filling of the slot with the impregnating 

varnish 

Parameter value unit 

Number of slots Q 54 - 

Number of poles 2p 48 - 

Number of slots per pole 

and phase q 

0,375 - 

Drive supply voltage VDC 375 V 

Maximum current Imax. 400 A 

The supply voltage result from the adopted voltage of the battery supplying the vehicle drive. The currents 

supplying the motor (rated and maximum) result from the operation of the parameters of the intended 

shows a longitudinal section of the motor model. Figure 4 shows the model of the 

electromagnetic core with the calculated saturation distribution of the magnetic induction fro

magnets using the FEM 2D method. 

 
section in the Ansoft Motor-

longitudinal section 

Fig. 4 Calculated magnetic induction distribution from 

permanent magnets in the magnetic core of the motor

 

The performed calculations are based on the coupling of the electromagnetic circuit model with the thermal 

calculations were based on water cooling with flow Q=10l/min, ambient temperature t

coolant temperature (EGW 50/50) tch = 60℃. Figure 5 presents the results of thermal calculations for the 

= 450Nm and n = 800 rpm, IRMS = 123A (approx. 13 A/ mm

has been selected so that the winding temperature at the warmest point does not exceed the value of t

. Under these cooling conditions, this operating point can be designated as the rated operating point for 

the calculations, this assumption results from the rotor angle sensors available on the market and possible to 

rters that support them. Initially, as a solution for the motor 

winding, concentrated coils were adopted, which guarantees a shorter structure of the fronts, lower winding 

losses and better winding cooling possibilities. Table 1 shows the motor/drive power supply parameters. 

CAD program. It uses a combination of advance 

analytical equations and calculations based on 2D FEM. The temperature can be determined in steady and 

ram uses advanced models in the form of thermal networks. 

nput data and calculation results for the square configuration with filling of the slot with the impregnating 

The supply voltage result from the adopted voltage of the battery supplying the vehicle drive. The currents 

result from the operation of the parameters of the intended 

shows the model of the 

electromagnetic core with the calculated saturation distribution of the magnetic induction from permanent 

 
Calculated magnetic induction distribution from 

permanent magnets in the magnetic core of the motor 

The performed calculations are based on the coupling of the electromagnetic circuit model with the thermal 

water cooling with flow Q=10l/min, ambient temperature tot=45℃, 

presents the results of thermal calculations for the 

= 123A (approx. 13 A/ mm
2
). The operating point 

has been selected so that the winding temperature at the warmest point does not exceed the value of tCu = 

. Under these cooling conditions, this operating point can be designated as the rated operating point for 



 

Fig. 5 Calculated motor temperatures for work at the base point Tm = 450Nm, n = 800 rpm

in the slot in the FEM models of the Motor CAD program 

The thermal calculations were verified with the module embedded in the Motor

finite element method. The method allows to calibrate the schematic model with the FEM model. 

shows the maximum temperatures that have been calculated in the individual elements of the electric motor.

 
Table 2 Calculated maximum temperatures established for the 

Element of the 

Stator side radiatorD

Stator side radiatorND

Coolant EGW 50/50

 

The results presented in Figure 5 and in Table 2 refer to the steady state, 

These are illustrative results, because in fact, the electric motor in the drive of the car works with 

dynamically changing operating parameters.

rotational speed. 
 

Fig.6. Torque characteristics as a function of rotational speed for supply of various currents

The torque increases with the current intensity, the motor operates in two control zones, in the zone with 

constant torque and in the zone with weakening of the

maximum torque that the motor will achieve with the permissible maximum current of the inverter is 

Tmax=1200Nm. Maximum torque is available over a wide speed range from 0 to 600rpm.

analogous characteristics of mechanical power as a function of rotational speed.
 

  
 

Calculated motor temperatures for work at the base point Tm = 450Nm, n = 800 rpm

in the slot in the FEM models of the Motor CAD program  
 

The thermal calculations were verified with the module embedded in the Motor-CAD program, using the 

finite element method. The method allows to calibrate the schematic model with the FEM model. 

maximum temperatures that have been calculated in the individual elements of the electric motor.

Calculated maximum temperatures established for the motor operating point Tm = 450Nm n = 800 rpm
Element of the motor Thermal diagram 

Winding endD 

Winding end ND 

Winding in a slot 

Stator tooth 

Stator side radiatorD 

Stator side radiatorND 

Magnets 

Air 

Coolant EGW 50/50 

140,6 

141,6 

149,5 

104,6 

77,4 

80 

75,8 

45 

60 

and in Table 2 refer to the steady state, assuming the S1 work regime. 

These are illustrative results, because in fact, the electric motor in the drive of the car works with 

dynamically changing operating parameters. Figure 6 shows the torque characteristics as a function of 

 
. Torque characteristics as a function of rotational speed for supply of various currents

 

The torque increases with the current intensity, the motor operates in two control zones, in the zone with 

constant torque and in the zone with weakening of the magnetic flux from permanent magnets.

maximum torque that the motor will achieve with the permissible maximum current of the inverter is 

Maximum torque is available over a wide speed range from 0 to 600rpm.

ristics of mechanical power as a function of rotational speed. 

 

Calculated motor temperatures for work at the base point Tm = 450Nm, n = 800 rpm at slot cross-section and 

CAD program, using the 

finite element method. The method allows to calibrate the schematic model with the FEM model. Table 2 

maximum temperatures that have been calculated in the individual elements of the electric motor. 

ng point Tm = 450Nm n = 800 rpm 

assuming the S1 work regime. 

These are illustrative results, because in fact, the electric motor in the drive of the car works with 

shows the torque characteristics as a function of 

. Torque characteristics as a function of rotational speed for supply of various currents 

The torque increases with the current intensity, the motor operates in two control zones, in the zone with 

magnetic flux from permanent magnets. The 

maximum torque that the motor will achieve with the permissible maximum current of the inverter is 

Maximum torque is available over a wide speed range from 0 to 600rpm. Fig. 7 shows 



 
Fig. 7 Characteristics of mechanical power as a function of rotational speed for supply with different currents 

 

The characteristics of the losses in the magnetic core of the stator show the deflection of the characteristics, 

which is characteristic for the zone with magnetic field weakening. 

Figures 8 and the calculated operating temperatures, assuming that the maximum temperature of the winding 

will not exceed TCu ≤150℃. Figure 9 shows the calculated map of the efficiency for this work area. 

 

Fig. 8 Calculated maximum temperatures in the motor 

winding for the operating area with temperature 

limitation: TCu≤150℃, Tmag≤ 100℃ 

Fig. 9 Calculated efficiency map for the working area 

with temperature limitation: TCu≤150℃ , Tmag≤ 100℃ 

 

4 Conclusion 

The drive for installation in the wheels of commercial vehicles with increased demand for torque, due to the 

place of application, should be characterized by: 

• relatively high ratio of torque (rated and maximum) to weight, 

• high energy efficiency, having a direct impact on the range and working time of the vehicle, 

• structure ensuring adequate tightness and strength, 

• appropriate dynamics of work, high maximum torque, ensuring proper driving parameters of the vehicle, 

• built-in brake system, resistant to difficult working conditions. 

The calculations presented in the article allowed to simulate the operation of an electric motor with a built-in 

planetary gear in any commercial vehicle consisting of two or four drive motors. 

Presented simulations allow to predict of the maximum operating temperatures of the sensitive points of the 

motor like winding or magnets. 

All the features of the discussed drive and the limitation of the given volume intended for the drive assembly 

require the design team to look for compromise solutions. The design concept should include design and 

research activities covering the following issues: 

 

• Design of the electromagnetic circuit, 

• Selection and design of the gear construction solution, 

• Selection and design of the brake, 

• Technological tests, 

• Thermal and strength calculations. 

 



The presented results obtained on the basis of the developed models and calculations confirm the correctness 

of the adopted design concept. 

The next stage of work in the project will be a series of technological tests in terms of the feasibility of 

individual elements of the drive structure. Multivariate work simulations will also be carried out for various 

designs of the cooling system, and then the possible operating parameters of the drive will be determined for 

them. 
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Abstract–Typical low efficiency drives are pumps, fans and blowers that have a centrifugal torque characteristic 

T=f(n2). In these electric drives there is great technical and economic potential for significant energy savings. Pumps 

are the most numerous working machines, therefore the electric drives with pump will be considered in this paper. 

First a brief introduction to pump systems will be given and then the ways in which the operating point of the pump 

can be regulated will be also presented. For the purpose of this investigation, a program was developed in the 

MATLAB software package for the calculation of energy savings and with its helpa comparison between 

conventional ways of regulating the operating point of the pump and regulation of the operating point through 

variable electric drive speed was realized. Using this program, the electricity consumption of low, medium and high 

power pumps driven by induction motors that have the ability to regulate the rotation speed through an inverter with 

U/f regulation will be analyzed. 

 

1 Introduction 

The industry is a large consumer of electricity which in 2014 participated with approximately 42.5% in the 

total electricity consumption in the world.As much as 65% -70% of the total electricity consumption in 

industry is accounted for by electric drives [1].Due to their wide application, electric drives as a major 

consumer of electricity are becoming quite attractive for finding ways to improve their energy efficiency and 

its implementation. 

This paper highlights the importance of energy efficiency in electric drives and what it represents in general. 

In electric drives, there are two possible ways to increase energy efficiency.One of them is the application of high 

efficient induction motors [2]. The second way that is considered and contributes to the improvement of 

energy efficiency at electric drives involves the application of power converters. For this purpose, scalar U/f 

regulation is explained as one of the ways to regulate it. Then an example is presented for improving the 

energy efficiency of the electric drives with pumps in which the regulation of the operating point is needed. 

In addition a brief introduction to pumping systems and their characteristics is given. Furthermore, a program 

has been developed in the MATLAB software package that calculates energy savings in operating point 

regulation by applying inverters with U/f regulation compared to operating point regulation with mechanical 

control. With the help of the program, an analysis was made of seventeen types of centrifugal pumps with 

low, medium and high power driven by induction motors. At the end, the results are presented, conclusions 

are drawn and the benefits of the implementation of energy converters are listed. 

2 Pump system 

At the beginning of this work a brief presentation of a pump system is going be presented. A pump is an 

energy machine or device in which energy is exchanged between the working fluid flowing through the 

pump and the moving parts of the pump, thereby increasing the mechanical energy of the fluid flowing from 

the inlet to the outlet of the pump.Pump height or pump effortHT(m), is a measure of the pressure required to 

transport liquid from one tank (sucked) to another tank (suppressed) at a given flow.There is a difference 

between static effort and dynamic effort.Static effort HS(m) is a measure of the pressure required to transport 

fluid from one tank to another in order to perform useful work. 
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Fig.1 Static effort and its dependence on flow 

Friction effort or dynamic effortHd(m), is a measure of the components resistance that make up the system, 

of the energy losses that occur and is a result of the size and diameter of the pipes, the materials from which 

they are madeetc. and in the first approximation is proportional to the square of the flow. 

 

Fig.2 Dynamic effort and its dependence on flow 

The sum of the static and the dynamic effort is the total effort that the pump must achieve to transfer the fluid 

to the required level (total head of the pump). 

HT=Hs+Hd            (1) 

When the static effort and the dynamic effort are taken into account, is obtained the plant characteristic or the 

system characteristic.Two of these are shown in Fig. 3. a) and 3. b). 

 

a)                                               b) 

Fig. 3 System characteristic at a) high static and low dynamic effort b) low static and high dynamic effort 

The system characteristic is the one that is significant for the possibility of saving electricity and improving 

the efficiency of the system.If the static effort is relatively large compared to the dynamic one as in the case 

of Fig. 3a then there are smaller possibilities for energy savings.If this is not the case as shown in Fig. 3b 

then there is a greater potential for energy savings. 

There are two types of pump systems: open and closed. Closed pump systems are circulating systems such as 

heating and cooling systems such as condensate cooling systems in an industry where the pump has to 

overcome only losses in the elements that make up the system such as friction through pipes, valves and 



other equipment. In other words, the pump spends all its effort on overcoming the hydraulic resistances in 

the piping system. Fig.4 gives an example of a closed pump system, followed by Fig.5 for the corresponding 

system characteristic. 

 

Fig. 4 Schematic representation of a closed pump system [3] 

 

Fig. 5 Resistance of system components and losses [3] 

The total hydraulic losses in the system are represented by ΔHtot = ΔH1 + ΔH2.By adding resistance in series 

increases the hydraulic losses and thus increases the effort that the pump ΔHtot has to overcome (m). 

 

Fig. 6 Reduction of flow-Q by increasing resistance in a closed pump system [3] 

As shown in Fig. 6 the effort to be overcome by the pump increases, the resulting system characteristic 

becomes steeper and at the intersection of the system characteristic and the pump characteristic is the new 

operating point of the pump with higher H and lower Q. 

In open systems, the role of the pump is to generate sufficient pressure or sufficient effort H (m) to overcome 

the static and dynamic effort of the system (losses in pipelines and other components) to transfer the fluid to 

the appropriate level. 

An example of an open system can be the water supply system, when the water is drained from a river and it 

is stored in one tank and then transferred to the required locations to be distributed. Open systems also 

include irrigation systems, etc. Fig.7 shows a schematic representation of an open system and Fig. 8 shows 

the corresponding system characteristic. 



 

Fig. 7 Schematic representation of an open pump system [3] 

 

Fig. 8 System characteristic of an open pump system [3] 

If the system characteristics of open and closed systems are compared, a difference will be noticed in the 

starting point of the parabola. In closed systems it starts from the coordinate origin, and in open systems 

from the value of static effort. This is because as it was previously stated in closed systems it is necessary to 

overcome only the hydraulic losses in the system and in open systems to those losses is added the static 

effort that needs to be overcome. 

The characteristic of the pump is the interdependence of H and Q also known as the effort characteristic H = 

f (Q), it is different for each pump and is given in a catalog by each manufacturer. The intersection of the 

system characteristic and the characteristic of the pump determines the operating point of the pump, Fig. 8. 

 

Fig. 9 Pump operating point (Q1, H1), intersection of system characteristic with pump characteristic 

Regardless of the type of pump, the plant and the pump are two coupled parts of one system, and each of 

them has its own characteristic as stated above in the text. The operating point defines such operating regime 

of the pump in which the required effort is equal to the effort generated by the pump. The partial operating 



characteristics of the pump, given in the catalog by each manufacturer, provide information on the pump 

operating properties under variable operating conditions. The effort characteristic of the pump, as well as the 

characteristic of the plant can’t separately provide information in which operating regime the pump will 

operate. In order to obtain information in which operating regime the pump will operate, it is necessary to 

make a joint analysis of the pumping plant characteristic with the effort characteristic of the pump. 

Pump manufacturers also include several other important characteristics of the pump: the dependence of the 

pump efficiency on the flow, the dependence of the power on the flow and others.These characteristicsare 

shown in Fig.10 and 11. 

 

Fig. 10 Efficiency characteristic of a typical centrifugal pump [3] 

 

Fig. 11 Power characteristic of a typical centrifugal pump [3] 

 

3 Changing of pump operating point 

Pump regulation means intentional change of pump parameters such as flow and pressure.This can be done 

in two ways: by changing the pump characteristics or by changing the plant characteristics. 

The operating point of the pump, flow and pressure, as needed, can be changed in one of the following ways: 

mechanically by applying regulating valves, by changing the blades angle of the impeller, bypass control or 

regulation with bypass line, useof multiple pumping system, speed regulation etc. 

By installing regulating valves, usually just behind the pump, it is possible to change the hydraulic losses in 

the piping to be overcome by controlling its openness. Namely, by opening the regulating valve, the losses 

are reduced, and by closing the valve, i.e. by closing it, they increase, thus changing the resistance coefficient 

of the pipeline and thus changing the position of the operating point of the pump along the curve H = f(Q). 

This method of regulation is the cheapest and simplest to apply. Fig. 12 shows how the system characteristic 

changes at different valve openings. Characteristic R4 shows the largest valve opening and characteristic R1 

the smallest opening. 



 

Fig. 12 Change the operating point by closing the valve in a several position 

The pump is usually driven by an electric motor, more recently by an induction motor, and since one of the 

ways to regulate the flow of the pump is by changing the rotation speed it follows that the regulation of the 

flow of the pump can be donebymotor speed control.For pump systems, it is sufficient for the motor speed 

regulation to be scalar by applying a voltage and frequency – U/f converter. 

For variable speed pumps, instead of the standard H = f (Q) characteristic, the operating range corresponds to 

a set of characteristics corresponding to different rotational speeds of the electric motor.One such 

characteristic is shown in Fig.13. 

 

Fig. 13 Q-H characteristics at different speeds 

 

4 Regulation of water flow in the pump system 

Fig. 14 shows a diagram for the regulation of water flow through a pump in two ways.The aim is to change 

the water flow from Q1 to Q2.The first is the conventional way, with mechanical control, i.e. with the use of a 

control valve where the motor speed does not change.The second way is by regulating the motor speed by 

using an inverter. 



 

Fig. 14Centrifugal pump diagram with flow regulation 

 

P1– pump characteristic at rated speed n1(min-1) 

P2– pump characteristic at reduced speed n2(min-1) 

S1– system characteristic 

S2– system characteristic 

Q1, Q2– pump flow (m3/h) 

H2S– pump effort expressed in (m) at flow Q2 during valve control 

H2P – pump effort expressed in (m)at flow Q2 during motor speed control 

In the text that follows a brief presentation of the two types of flow regulations is presented. 

• Valve control 

To reduce the flow from Q1 to Q2 it is necessary to close properly the regulating valve. The operating point 

of the pump is moved along the characteristic H=f(Q) marked in Fig.14 as P1, and passes from the system 

characteristic S1 to the system characteristic S2. The system characteristic changes from S1 to S2 because 

resistance is added to the system (damping) i.e. the hydraulic losses increase. Increasing the hydraulic losses 

by closing the valve, increases the effort that the pump has to make to overcome those losses during flow Q2. 

In fact, damping changes the coefficient of resistance of the pipeline and thus changes the position of the 

operating point of the pump along the curve P1=H=f(Q). The pump effort increases from H1 to H2S. 

• Motor speed control 

To reduce the flow from Q1 to Q2, the operating point of the pump is shifted from characteristic P1 with a 

rotational speed n1 of the P2 curve with a reduced motor speed n2.By reducing the motor speed at flow Q2, 

the effort required for the pump to overcome system losses and the required pressure is reduced from H1 to 

H2P. 

The equations for the calculation of the required mechanical power of the pump generated on the shaft in 

both regimes of regulation is presented in the text below. 

The required pump power for valve control(Pv) can be calculated using the following equation: 

      (2) 

Where the required pump power for motor speed control(Pe) can be determined using equation (3). 



    (3) 

The equations for the required input electrical power for both regimes of regulation is presented with the 

following equations. 

The required input electrical power for valve control (P1m), can be determined with equation (4), where the 

required input electrical power for motor speed control (P2m)can be determined with equation (5). 

                                                                                        (4) 

                                                                                 (5) 

The energy saving (Es) if the valve control system is replaced with a power converter control can be 

determined using equation (5): 

Es=(P1m-P2m) x ta(kWh/year)                   (6) 

This energy converted into saved money per year (Ks) can be determined using equation (7): 

Ks(saving many per year) =Es (kWh/year) x k (price/kWh)                   (7) 

where: 

(kg/dm3)– liquid density 

g(m/s2)–ground acceleration 

– pump efficiency at operating point 2S, Fig.1 

– pump efficiency at operating point 2P, Fig.1 

m–motor efficiency 

vfd– efficiency of the inverter 

ta– number of working hours per year 

5 Computer Program for calculation of energy efficiency and electricity savings 

Significant energy savings can only be achieved if a wider range of control is required. If the process does 

not require any regulation and is constant and not dynamic, then there can be no question of saving energy 

by changing the working point. However, a small percentage of processes do not need regulation. In many 

activities related to human life such as water supply systems, heating, air conditioning, condensate cooling in 

industrial processes, etc. due to different activities and needs during different parts of the day, different 

seasons, different processes, etc. regulated processes are necessary. 

To calculate the energy savings if the pump flow is regulated by changing the motor speed by means of a U/f 

converter compared to the use of regulating valves, a short computer program has been developed in 

MATLAB software package. 

• Program description 

The aim of the program is to enable a comparison of the two regimes of flow regulation at an arbitrarily 

selected pump and to give an overview of the saved electricity if the flow is regulated by changing the 

rotation speed compared to the conventional mode of regulation using regulating valves.The program works 

for any pumpentry data. 

At the beginning, a function has been defined in order the user to be able to select whether the input data 

needed for the program should be entered from the keyboard, read from an Excel document or the user wants 

to close the program. In addition, a function for entering data from the keyboard is made and it is called if the 

user selects that option. Input variables are the flow with which the pump should operate, the pump effort 

corresponding to the inlet flow during valve control and the effort at the appropriate speed change, the 

efficiency of the pump in both regimes of regulation, motor efficiency, number of working hours per year 



and electricity price per kWh. It works with global variables which are then called and written to. The 

function for reading the above mentioned input parameters from an Excel file is made in a similar way. 

The energy saving function is then activated and it invokes the previously entered variables as input data 

from the keyboard and reading from an Excel file. The energy saving calculation function calculates: the 

required power of the pump when regulating the flow with a regulating valve and when regulating the flow 

by changing the rotation speed, the required electric power in both modes of regulation, the consumed 

electricity annually the same for both regimes.It then compares them and gives how much power has been 

reduced in percentages if the flow is regulated by changing the rotational speed, not mechanically.Finally, it 

shows the annual energy savings in kWh and money saving for the predefined price.The equations used in 

the program are given in the text earlier. 

 

6 Results 

In order to evaluate the efficiency of the two solutions that can regulate the water flow through the pump, it 

is necessary to make an analysis for a specific pump.For this purpose, a comparison and analysis of the two 

regulation modes on 17 types of centrifugal single-stage pumps was made, selected from the catalogue of the 

pump manufacturer Grundfos [4].The pumps are from the same family and are powered by high efficient 

induction motors with low, medium and high power.The power range of the motors that will be considered is 

from 1.5kW to 426kW. 

The parameters used in the calculations are taken from the characteristics of each of the pumps from the 

appropriate catalogues.Table1 provides data on the pumps used in the analysis, such as the type and serial 

number of the pump, the rated power of the pump and the induction motor in the drive, nominal flow and 

effort, efficiency, efficiency class and number of poles. 

Table2 shows the data for the operating point of each of the pumps and the corresponding efficiencies 

depending on it in both regulation modes, then shows the efficiency of the motor that drives each of the 

pumps, the number of working hours per year andthe price per consumed kWh electric energy. 

The analysis goes in the direction of changing the operating point of the pump.A flow reduction of 20% of 

the nominal was made. 

Table 1Pumps data [4] 

Serial number of the pump Pn (kW) P2 (HP) Qn 

(m3/h) 

Hn 

(m) 
pn 

(%) 

mn 

(%) 

IE Number 

of poles 

NKE 32-125.1/121 A1-F-A-E-BAQE 1.5 2 19.7 15.7 63.0 88.9 IE4 2 

NKE 32-125.1/140 A1-F-A-E-BAQE 2.2 3 23.4 22.6 67.4 90.1 IE4 2 

NKE 32-160/151 A2-F-L-E-BQQE 3 4 24.8 24.9 61.1 87.1 IE3 2 

NKE 32-160/177 A2-F-K-E-BQQE 5.5 7.5 32.5 36.1 65.4 89.2 IE3 2 

NKE 40-160/172 A1-F-A-E-BAQE 7.5 10 43.7 38.6 75.3 90.1 IE3 2 

NKE 40-160/177 A2-F-A-E-BAQE 11 15 46.0 41.5 75.3 89.4 IE2 2 

NKE 40-200/219 A2-F-L-E-BQQE 15 20 60.2 51.9 69.3 90.3 IE2 2 

NKGE 150-125-250/249 A1-F-A-E-BAQE 18.5 25 254 17.4 79.8 91.2 IE2 4 

NB 65-250/238 AS-F2-B-E-BAQE 37 50 134 68.1 72.7 92.6 IE2 2 

NB 65-250/251 A-F2-A-E-BAQE 45 60 145 77.0 73.6 93.7 IE3 2 

NB 65-250/270 AS-F-B-E-BAQE 75 100 161 89.5 75.0 94.6 IE3 2 

NK 80-315/295 A1-F-A-E-BAQE 110 150 244 113.8 75.5 94.3 IE2 2 

NKG 125-80-315/310 A1-F-L-E-BQQE 132 180 263 126.8 75.5 94.6 IE2 2 

NK 80-315/328 A1-F-I-E-BQQE 160 210 289 143.7 76.8 95.6 IE3 2 

NKG 125-80-400/398 A1-F-R-E-DAQF 250 340 289 196.9 70.2 95.4 IE2 2 

NKG 200-150-315.1/335 G1-F-A-E-BAQE 355 480 965 148.9 83.0 95.5 IE2 2 

TP 400-540/4 A-F-A-DBUE 450 540 2890 35.0 83.1 94.0 IE2 4 

 

 

 



When the flow is realized by regulating the valve opening, to reduce the flow by 20% from Q1=Qn to Q2 = 

Qm (Fig. 14), it is necessary to close it properly.The operating point of the pump moves along the 

characteristic P1=H=f(Q) and passes from the system characteristic S1 to the system characteristic S2.The 

speed at which the motor runs is 100% of the nominal.The pump effort increases from H1 to H2S. 

When the flow is realized by regulating the motor speed to reduce the flow by 20% from Q1 to Q2=Qm, the 

operating point of the pump is shifted from characteristic P1 with a rotational speed n1 of the P2 curve with a 

reduced engine speed n2. By reducing the rotational speed of the motor at flow Q2, the effort required for the 

pump to overcome system losses and the required pressure is reduced from H1 to H2P. The percentage for 

which the rotation speed should be reduced in order to achieve the required flow depends on the 

characteristics of the system, i.e. the system characteristic. In other words, the percentage of speed reduction 

cannot be arbitrary but depends on how much effort the pump has to withstand at reduced flow. For the 

purposes of this analysis the speed of all analyzed pumps is reduced by 25% of the nominal, which means 

the motor is running at 75% of the nominal speed and it is assumed that the total effort that the pump has to 

overcome is not greater than the value Hmin of Table2. 

Table 2Pumps working point data 

P (kW) Qm (m3/h) H2s (m) H2p (m) 1 (%) 2 (%) m (%) ta(h) (€/kWh) Hmin 

1.5 15.8 17.37 8.702 60.4 62.8 88.9 3000 0.15 8 

2.2 18.7 24.67 12.77 65.6 67.0 90.1 3000 0.12 12 

3 18.4 27.6 14.43 57.8 61.1 87.1 3000 0.12 14 

5.5 26 39.6 19.57 64.0 64.8 89.2 3000 0.12 19 

7.5 35 41.46 21.83 71.0 75.0 90.1 3000 0.12 21 

11 36.8 44.42 23.56 71.0 76.1 89.4 3000 0.12 23 

15 48.2 58.4 29.24 68.4 69.1 90.3 3000 0.12 29 

18.5 203 19.58 9.938 77.0 80.1 91.2 3000 0.12 9 

37 107 75.1 38.22 71.0 72.6 92.6 3000 0.12 38 

45 116 85 42.34 72.6 73.3 93.7 3000 0.12 42 

75 130 98.66 48.78 74.2 74.4 94.6 3000 0.12 48 

110 195 121.5 51.5 73.8 75.0 94.3 5000 0.12 61 

132 210 134.8 71.03 73.3 75.4 94.6 5000 0.12 71 

160 231 152.7 79.37 74.8 76.5 95.6 5000 0.12 79 

250 231 213.7 107 69.1 70.1 95.4 5000 0.12 107 

355 773 131.2 69.53 81.6 85.0 95.5 5000 0.12 69 

450 2310 41.27 18.69 79.5 82.6 94.0 5000 0.12 18 

 

 

 

The pump data shown in Table2, as previously stated, is the data required to perform the calculations. The 

definition of the variables presented in Table 2 is given below: 

 

Qm– flow through the pump (m3/h) 

H2S– pump effort expressed in (m) at Qm flow with valve regulation and rated motor speed 

H2P– pump effort expressed in (m) at Qm flow with motor speed regulation with inverter at 75% of nominal 

speed 

1– pump efficiency at operating point (Qm, H2S) 

2 - pump efficiency at operating point (Qm, H2P) 

m– motor efficiency 

ta– number of working hours per year. 

 

In Table3a presentation of the calculated data for each of the pumps defined in Table1 and Table2 is 

presented. The definition of the variables presented in Table 3 is stated as: 

Pv (kW) – required pump power for valve regulation 

Pe (kW) – required pump power for motor speed regulation at 75% of rated speed 

Ps (%) – percentage of power required less when the flow is regulated by motor speed to 75% of the nominal 

compared to the valve regulation, where: 



Ps = (Pe/Pv) × 100          (8) 

Еs (kWh) – saving electricity by applying an energy converter with U/f regulation at a reduced speed of 25% 

Ks (€) – saving money from the saved electricity. 

 

As can be seen from the results of the table, the regulation of the motor speed by using energy converters as 

a way to change the operating point of the pump is a much more efficient solution compared to the valve 

control and brings great savings in electricity if it is the same implements. This is especially true for drives 

that have variable operating regimes. 
 

Table 3Result analysis 

P (kW) Pv (kW) Pe (kW) Ps (%) Es(kWh) Ks(€) 

1.5 1.238 0.597 48.183 2165.100 259.810 

2.2 1.916 0.971 50.682 3146.900 377.620 

3 2.394 1.184 49.459 4167.900 500.140 

5.5 4.384 2.140 48.809 7547.500 905.700 

7.5 5.569 2.776 49.845 9300.700 1116.100 

11 6.274 3.105 49.845 10635.000 1276.200 

15 11.214 5.558 49.561 18792.000 2255.000 

18.5 14.066 6.863 48.792 23695.000 2843.400 

37 30.841 15.350 49.771 50188.000 6022.600 

45 37.009 18.259 49.336 60033.000 7203.900 

75 47.103 23.226 49.310 75719.000 9086.200 

110 87.482 43.573 49.807 232819.297 27983.315 

132 105.237 53.908 51.225 271297.099 32555.651 

160 128.503 65.309 50.822 330516.350 39661.962 

250 194.672 96.082 49.355 516719.967 62006.396 

355 338.680 172.305 50.875 871070.850 104528.502 

450 326.773 142.432 43.588 980535.586 117664.270 

 

 

 

As can be seen from the results of the table, the regulation of the motor speed by using energy converters as 

a way to change the operating point of the pump is a much more efficient solution compared to the valve 

control and brings great savings in electricity if it is the same implements. This is especially true for drives 

that have variable operating regimes. 

 

7 Conclusion 

The world industry and economy are facing a major energy challenge. Global electricity demand is growing, 

and pressures to reduce electricity consumption and reduce the impact on the environment and climate 

change are growing. If we take into account, the fact that as much as 65% -70% of the total electricity 

consumption in industry is accounted for by electric motors then it is clear that the potential for saving 

electricity is huge and their role in reducing environmental pollution is crucial. 

The control strategy of the working mechanisms depends on its mechanical characteristic. With mechanical 

control of the working mechanisms is consumes unnecessarily much electricity. Reducing the flow of a 

pump with a valve control is as inefficient as regulating the car speed only with brake. At a reduced motor 

speed of 25% of the rated power of converter, the power required by the pump is 50% lower than the power 

required for valve control. This means a reduction of the required electricity by 50%. Given the fact that 

pumps make up 33% of all working mechanisms, it is again concluded that by increasing the energy 

efficiency of pump systems there is a great potential for energy savings and improvement of their work. 

The concept of energy efficiency is a very effective way to reduce the emission of carbon dioxide and other 

harmful substances into the air that contribute to global warming, air pollution and climate change. Global 

programs aimed at helping industrial companies improve the energy efficiency of their electric drives are 

needed and are of great importance for raising awareness and assisting in the implementation of energy 

efficiency. 
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2.1   Design & Manufacture and Cost 

Important aspect of motor innovations is the production process. The most recent 3D printing technology 

developments, have added a huge value to the designing, prototyping as well as manufacturing process of 

electric motors. The broad spectrum of production applications has been unlocked. The laser technology is 

growing, becoming more workable and affordable, such that additive manufacturing (AM) from 3D printing 

of only parts of an electric motor has been moved to the printing even of the whole motor structure [2]. The 

significant reduction of time and money consumption, required for the stage of prototyping an electric motor, 

led to cost-effective massive motor production. Thus, for less money the same quality can be reached, as well 

as for the same money more quality motor is obtained. 

2.2   Efficiency 

For many years, the energy efficiency of electric motors was subject of a voluntary commitment by the 

manufacturers and the agreement with the customers. However, the globally increasing demand for energy 

savings, gave rise to a range of regulations for determining motor efficiency. Intending to harmonize the 

standards describing the motors' energy efficiency worldwide, the International Electrotechnical Commission 

(IEC) has developed the completely new classification and established globally regulated requirements placed 

upon the efficiency of electric motors. The highest class is reserved for super premium efficiency of electric 

motors. The comparison of the earlier (EFF) and actual (IE) efficiency classes is presented in Fig. 2. As both 

the electric motor designers and producers are receptive to the great importance for efficiency increase of 

electric motors, further innovative advancements have been already undertaken by stakeholders. 

 

Fig. 2   Electric motor efficiency classes comparison 

2.3   Control 

One concept of the substantial importance for an electric motor performance is speed control. The classical 

speed control of AC motors, performed by gear reducers or by the number of poles variations, grace to the fast 

advancements of variable frequency drives (VDF) with pulse width modulation (PWM), has been sent away. 

The recent drastic cost reduction and reliability increase of variable frequency drives has driven changes in 

electric motor designs and the adoption of VFD's to new levels.  That fact has brought about to become a 

standard addition of the inverter as an integral part of the motor structure inside the common housing. As a 

result of semiconductor technology and microprocessor advances, the VFD has become smarter, more 

efficient, and more accurate. Current motor innovations, such as in the permanent magnet AC motor 

technology, are being refined to bring higher efficiency, cooler running temperatures, and incredible speed and 

torque control accuracy. On the other hand, the rediscovery of synchronous permanent magnet and reluctance 

motors, together with recently added PM assisted reluctance motors, is becoming evident [3]. 

2.4   Space 

Finally, new trends in e-mobility, the developments of EV (Electric Vehicles) and HEV (Hybrid Electric 

Vehicles), forced new requirements related to the size and the weight of the drive, resulting in innovations for 

the embedded electric motors. Consequently, the rise of mobile applications has created a need for more 

efficient space constrained by smaller drives. At the same time the electric motor topology drifted from radial 

to axial flux motor configurations. 



3 What is an Innovative Motor? 

The first question to be answered is: "What makes an electric motor innovative?" As an offered answer, firstly 

it would be an innovative design topology and the use of novel materials, then an innovative production 

technology and, the most recently, the new State-of-the-Art manufacturing processes. Taking into 

consideration all aspects of the motor performance (electro-magneto-thermal-mechanical coupling), a design 

engineer of electric motors will be seeking for answers to the following questions: 

 What are novelties in the electric motor design? 

 How to extend the limits of the motor's performance reached today? 

 What are structural/shape choices that define novel motor topology and make the motor better-performing? 

 What are the most effective new materials to obtain the best of each component/shape in the design layout? 

An example of an innovative motor structure, in expanded view, where its main innovative design components 

are outlined, is presented in Fig. 3. 

 

Fig. 3   Expanded view of an innovative PM assisted reluctance motor produced by cutting-edge technology 

3.1   Novel Design Topologies 

When seeking for a well synthesized electric motor for the selected topology, the designer should encompass 

the most of used materials – iron and copper – and to optimize electromagnetic, thermal and mechanical design, 

combined with some aspects of noise and vibration. To lower electrical energy consumption, while keeping 

functionality of appliances, it is required to design devices with increased efficiency level. On the other hand, 

the new concept of e-mobility attracted electric machine designers towards innovative topologies and shape 

designs, to meet the new requirements. 

These meaningful themes have challenged researchers and scientist worldwide to innovation of electric motors 

design, by means of their topology. Commercialization of innovative motor topologies that have been around 

for a long time, but have not been broadly found in practice, triggered the growth and penetration of brushless 

permanent magnet motors. Some fifty years ago, the major motor sale was for induction and DC brushed 

motors. Today induction motors are still important, but brushless PM (BLPM) have grown dramatically, 

relegating DC commutator ones. Thus, along with other topologies such as synchronous reluctance – with or 

without PM assistance – and switched reluctance have grown application and can be found even in a higher 

volume motors. Recently, permanent magnet motors (PMMs) have been rediscovered and their application in 

various devices, from small house appliances to large aircrafts, has been visibly extended. 

3.2   New Materials 

Regarding the materials, used for designing and manufacturing of an electric motor, yet fundamental role is 

played by the core lamination and permanent magnet materials. Apart from the windings' copper loss, another 

significant loss component that affects the overall motor performance and efficiency is iron loss in the motor 

core lamination. Hence, proper selection of the electric steel material for cores is an important matter of 

exploration. New developments in electric steel properties to ongoing applications contribute to better motor 

performance. Acknowledging the trends in PMMs production, developments of the PM materials are also 

worth to be considered. Another novel material found in the innovative motor designs are Soft Magnetic 

Composite (SMC) materials, which are becoming interesting at frequency values >500 Hz. 



A. Core Lamination Materials 

Speaking about AC motors, induction and permanent magnet, usually the rotor core loss is with negligible 

value, and only the stator core loss is considered. In this regard, it is not enough to have a state-of-the-art 

designed stator, but also to have state-of-the-art materials for manufacturing. Stator and rotor cores of an 

electric motor, depending on the topology, have a variety of shapes and are manufactured from a variety of 

materials. Lamination examples are presented in Fig. 4. 

 

Fig. 4   Lamination examples for stator and rotor cores 

Electrical steel is a soft magnetic material, comprising silicon-iron, nickel-iron, and cobalt-iron alloys, where 

iron is the main component. The silicon-iron (SiFe) alloys with 0.5% to 4.0% Si, referred to as silicon steel, 

are found in a broad use across the applications in variety of electromagnetic devices. Silicon steel can be 

oriented or non-oriented in dependence of magnetic properties, while depending on the thermal treatment it 

can be fully processed or semi-processed. Non-oriented fully processed silicon iron is found in the widest use. 

It has uniform magnetic properties in all directions and is available in a range of grades and thicknesses so that 

may be well tailored for various applications. Silicon electric steel is generally specified and selected on the 

basis of allowable specific iron loss in watts/kg. 

Today the cobalt-iron (CoFe) electric steel for building stator/rotor core of an innovative motor is more and 

more often in use. This novel material is characterized by better electromagnetic behaviour, broader use range 

before saturation and low loss figures, at the same values for magnetic flux densities and frequencies, compared 

to materials of the silicon-iron (SiFe) class. Thanks to quite high value of magnetic saturation, the cobalt-iron 

electric steel is generally suitable for applications where high flux density is required, allowing to lower the 

iron mass, which in return gives decreased iron loss and weight reduction of the cores. To illustrate the 

advantages of the high performance CoFe electric steel, the comparative characteristics of VACOFLUX® and 

VACODUR®, with reference to 3% SiFe alloy are presented in Fig. 5 [4]. 

 

Fig. 5   Normal DC magnetization curves of CoFe alloys in comparison with a reference SiFe core material 

Other important features of CoFe alloy are high magnetic saturation up to 2.4 T, and small specific iron loss 

1.5-1.6 W/kg. Although the mass density is a bit higher, due to improved magnetic properties, the iron 

consumption is lowered and, in turn, motor dimensions and weight will be reduced. Further expansion of 

innovations in electric motor technology with new lamination materials is foreseen. 



B. Permanent Magnet Materials 

The use of permanent magnets in favour of the mankind is long lasting. But their application for building 

electric motors started somehow less than a century ago. In the past, the most expensive part for building a PM 

motor, was production of rotor/stator with permanent magnets. It was a serious obstacle to their wider use, 

besides very good performance characteristics. However, throughout the recent years, started an intensive 

research and innovative discoveries in permanent magnet manufacture resulted in highly effective and 

commercially viable PM materials. This research is extended up to todays, and is still in the course. Nowadays, 

the permanent magnets available on the market, are with higher values of remanence Br, intrinsic coercivity 

Hc and energy product, known as maximum energy density (BH)max. The benefit of these advancement is that 

demagnetization problems became minor, while the higher motor performance with the same magnet volumes, 

or the same motor performance with reduced magnet volumes, is enabled. 

The historical development of PM materials by decades is depicted in Fig. 6, where the ranges for maximum 

energy density as per time of their discovery for four distinctive PM materials are shown. As seen in the figure, 

the frontiers are open. Series of various permanent magnet materials, with remarkably improved features, have 

been invented. Typical demagnetisation curves for PMs, which are in the most frequent use, are presented in 

Fig. 7 [5]. Owing to rare-earth Samarium-Cobalt (SmCo) permanent magnet class, the innovative motor 

topologies recorded rapid development. Thus, brushless PM motor, became a combo set with its power supply 

and control device, dominating in innovative and modern AC electric drives. The only disadvantage was the 

high cost of PMs production, the fact that challenged future research for PM with features like SmCo and 

prices as ferrite. The solution is found in the last generation of permanent magnets – based on Neodymium-

Iron-Boron (NdFeB) composition – that is the best suitable for mounting in an electric motor topology. 

  

Fig. 6   Development of permanent magnets through 
years by name and energy density 

Fig. 7   Typical demagnetization characteristics for 

permanent magnet material 

Electric motors that use permanent magnets are generally more expensive. Consequently, the motor designer 

should be able to efficiently select the most suitable permanent magnet material, depending on the particular 

purpose and the specific motor topology, in order to provide best quality/price. Permanent magnet motors, 

either radial or axial flux, provide a good compromise of high specific torque and low losses; at the same time 

the motor is lighter, safer, quieter and more energy efficient than any other top drive motor on the market, 

which justifies its choice for the most automotive applications. Today, PM motors for direct EV/HEV drive 

are in the forefront of all competitive motors. 

C. Soft Magnetic Composite Materials 

The fast developments of e-traction and renewable power generation, that are characterised with electrical 

machines of high compactness, higher efficiency and high power/torque density, have driven the research 

towards not only developing the novel topologies of electrical machines to meet special requirements, but also 

to inventing new materials that will enable their easier manufacturing. Continual advances in the area of e-

mobility and high power density electric motors have brought new challenges to the motor constructions. The 



traditional laminated motor construction is limited to 2D radial magnetic flux to minimize losses in the 

direction perpendicular to the steel lamination. On the contrary, the topologies of the axial flux motors require 

very complex 3D magnetizing directions where the use of electrical steels is often not practical. In addition, 

the use of conventional electrical steels is limited to medium frequency values, up to 1000 Hz. What to do? 

The solution is found in application of soft magnetic composites (SMCs) to manufacture some parts of an 

electromagnetic device, or even in the whole. By means of the powder metallurgy and advanced additive 

manufacturing (AM), SMCs can be formed into complex shapes, allowing three-dimensional magnetic circuits 

to be designed and easy manufactured. With their help it is possible to produce more compact innovative and 

cost-efficient electric motors. The SMCs have many unique characteristics, which can be utilized to improve 

the performance of traditional electrical machines and to develop innovative designs and topologies with more 

complex magnetic circuits and increased power density. Sometimes, the geometrical size of the available parts 

is limited, mainly due to specific compacting processes. But, there is a number of disadvantages of SMCs that 

should be also taken into account during the design and construction of electro-magneto-mechanical devices. 

Advantages of the soft magnetic composites are: • higher power density due to existence of 3D magnetic flux 

in the device; • complex shapes are possible, to enable a broad range for the product design; • lower loss at 

high frequencies, compared with lamination steel; • isotropic physical properties (thermal conductivity and 

relative magnetic permeability); • the lower eddy current losses due to higher electrical resistance of SMCs. 

Disadvantages of the soft magnetic composites are: • high values of magnetic field strength required to reach 

magnetic saturation; • low magnetic saturation 1.5T@10000A/m; • low magnetic permeability, on average 

r600; • higher hysteresis losses; • inferior mechanical properties. 

D. State-of-the-Art Applications 

The benefits of SMCs solutions for both the motor topology design and production processes enabled wide 

spectrum of state-of-the-art products, which are released by several big world-wide known companies. Soft 

magnetic powder composites coupled with PM production processes open new possibilities in the design and 

manufacture of parts for electrical device applications or the whole structures. With increasing values of 

operating frequency for electric motors, the use of SMCs can contribute to a substantial decrease of specific 

core losses of the machine, increasing at the same time the total efficiency. In contrast to laminated cores, the 

manufacturing process of soft magnetic composites does not influence their final homogenous magnetic 

properties, which do not change after assembly of the motor. 

Somaloy® is a trademark of Höganäs AB from Sweden, the world-known producer of soft magnetic composite 

materials [6]. They have developed a variety of electromagnetic applications. Capabilities of the Somaloy® 

materials have opened up new opportunities to design innovative motors, produced by novel technology, as 

elaborated in [7]. They are designed for efficient modular production at low cost, by exploiting state-of-the-

art technology for 3D magnetic properties and the net volume shaping. Taking as an example the axial-flux 

electric motor for e-mobility, both single- and double- sided, the proposed solution is pictured in Fig. 8. 

  

(a) Single-sided (b) Double-sided 

Fig. 8   SOMALOY® Innovative axial flux PM motor solutions  

Through application of advanced production technologies and 3D shape-making capabilities, invented motor 

topologies are manufactured with reduced size and weight, meeting the high performance requirements, with 

less need for machining, i.e. with reduced need for subsequent operations, all that in a cost-effective manner. 



4 Cutting-Edge Production Technologies 

Another aspect of motor innovations is the production process. The questions to be asked here are: 

 How is an innovative motor manufactured? 

 What are the novelties in electric motor production technologies? 

What are challenges? After exploring the new electric motor topologies, to use advanced optimisation methods 

for their shape design and synthesis, and finally to exploit the state-of-the-art manufacturing technologies for 

electrical machines. The broad spectrum of modern production applications have been recently unlocked. The 

expected outcome of the feasible applications is to obtain an electric motor that is with compact and lightweight 

multi-material components, with higher magnetic flux, meaning the higher power density and/or efficiency, 

easier manufactured and with innovative cooling but, without deteriorating the noise and vibration level [8]. 

The significant reduction of time and money consumption, required for the stage of prototyping an electric 

motor, led to cost-effective massive motor production. Thus, for less money the same quality can be reached, 

or for the same money better quality motor is obtained. 

While the innovative electric motors are used in numerous innovative areas, their production has been limited 

to traditional techniques which, in turn, result in unreliable and not enough efficient products. It is common 

that electrical machines are usually produced by using traditional manufacturing processes, as laminate 

punching with packing or powder based alloy pressing, procedures that often require expensive tooling for 

extensive machining, or other techniques to remove surplus material. When prototyping a new product, design 

changes are required, and with conventional manufacturing techniques, an extensive and expensive work 

should be done. Needless to say that in every step, the motor must be carefully designed while the used material 

must be thoroughly selected, to meet the fabrication requirements. 

Thereby, it is a substantial motivation of researchers for exploration of not only advanced novel materials, but 

also innovative production processes for the next novel generations of compact, high-efficient and light-weight 

electric motors. Accordingly, it is needed a shift in how these innovative motors are manufactured, and with 

respect to this, how are designed. At this stage it seems the most inspiring is the use of direct 3D printing, 

widely known as additive manufacturing (AM). Thus, it is additive manufacturing that actually can provide 

this shift. Using 3D computer aided design (CAD), and having in hand 3D scanners, additive manufacturing 

allows the creation of objects with precise geometric shapes, built layer by layer by adding material, opposite 

to classical manufacturing processes when the excess of material is subtracting. Nowadays, thanks to new 

technologies and new materials, 3D printed motors became a reality. 

To present days this promising technology, due to complexity of motor topology is difficult to be applied on 

the whole motor structure, although several pioneering research centres throughout the world have reported 

successful applications. Hence, the AM is used only for particular parts of the motor, e.g. copper windings, or 

the electric motor is assembled by modular elements fabricated by AM. However, some simple 

electromagnetic devices, like an inductor, can be performed in whole by 3D printing, and that would result in 

full multi-material processing and production. In Fig. 9 is presented expanded view of an axial flux PM motor 

for e-drive, to identify parts of the motor topology with respective materials, for viable production by AM. 

 

Fig. 9   Expanded view AFPM motor 



4.1   Electric Motors from 3D Printer 

The earliest practical implementation of the 3D printing in modern electric motor technology was for the 

purpose of e-mobility, where only some parts of the motor topology (Fig. 3) have been manufactured, e.g. 

windings or modular stator core, being used in the stage of prototyping. The 3D printed functional prototypes 

can help eliminate expensive early tooling costs, giving engineers ability to make design changes, to iterate 

quickly and to reduce development time for new products. However, the real challenge for motor designers is 

producing the whole motor by using AM, the task rather complicated. Another important issue to consider is 

which materials are feasible for AM? With respect to this, SMCs and SiFe alloys are excellent candidates, 

while CoFe alloys although with high saturation flux density are still in investigations [9]. 

The first fully 3D-printed stator for a reluctance electric motor was developed by an enthusiastic group of 

electrical engineers from Chemnitz University, Germany [10]. The stator of the reluctance machine was printed 

in the Chemnitz University Laboratory using iron for magnetic core, copper for electrical conductors of the 

winding and ceramics as insulating material, to insulate conductors from each other and from the iron 

components. This pioneering work was premiered quite recently, at 'Hannover Messe' – the trade fair, in 2018. 

The 3D-printed stator of the motor – that was created, produced and displayed – is a real breakthrough in the 

innovative cutting-edge technology for additive manufacturing of electric motors, proving the applied 

technical principles and demonstrating the feasibility of the processes. The production phases for this part of 

the motor are shown in Fig. 10. Left in the figure is presented the 3D-CAD model of the stator, in the middle 

is the production phase of sintered stator, while the rightmost is fully 3D-printed part before a heat treatment.  

 

Fig. 10   3D-printed stator of a reluctance machine without winding head 

4.2   Power Supply and Control Trends 

The drastic reduction of cost and increase in reliability of variable frequency drives (VFD) has driven their 

adoption for electric motors to all new levels. Thus, the further innovations in electric motor technology 

provide the full integration of a motor with power electronics and mechanical transmission system. This perfect 

mix of components for the best possible motor performance is presented in Fig. 11. The whole motor enclosure 

is devised for its connection with the electronic converter for power supply and motor control, and also with 

the gearbox, when required [11]. 

 

Fig. 11   An example of innovative fully integrated electric motor 



5 Concluding Remarks 

The innovative electric motors find applications across multiple industry branches including energy 

production, e-mobility, manufacturing plants, industrial automation and variety of consumer appliances. To 

conclude the paper, there are few outlines about the new trends, expected future of the innovative motors' 

developments and the novelties in cutting-edge production technologies. 

 In general, electric motors and drives will continue to get smaller with higher power densities. The used 

materials and topologies will be improved and changed to meet the need for increased efficiency and 

controllability. 

 Induction motors, with significant increase of their efficiency certainly will not go away, and will be still 

remaining in the widest application. 

 Continued growth in variable speed drives, with integrated solutions and other electric motor technologies, 

will be gaining larger scale of use. 

 Brushless permanent magnet motors, synchronous reluctance motors without/with permanent magnet 

assistance, and even switched reluctance motors, all they based on higher efficiencies and lower cost for 

power electronic devices, will continue to expand and enlarge their use. 

 High speed applications will demand new special motor designs, with embedded VFD, to improve the 

whole system efficiency and replace traditional mechanical geared drives. 

 Due to the increased production of electric vehicles the new topologies required for automotive industry 

is expected to drastically drive the demand for innovative electric motors. 

 Additive manufacturing with 3D-printing will enable designing, prototyping and manufacturing of an 

electric motor to become easier, faster and more reliable. 
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Abstract –The paper presents the design of interior permanent magnet synchronous motor (IPMSM) for energy-
efficient electric propulsion system with 70 kW peak power motor power rating. Efficiency and power capability 
performance of IPMSM with distributed winding over a wide-speed range is presented on the basis of the finite 
element analysis (FEA) within the IEC 112 frame size.  

 
1 Introduction 
IPMSMs dominate in the electric propulsion systems for electric vehicles (EVs) [1], [2]. In general, electric 
motors for EVs require a certain speed range with continuous torque, a certain speed range with maximal 
overload torque at given maximal inverter current limitation and good overall efficiency over the operating 
torque and speed area. With increasing the maximum DC link voltage from 310-350 V up to 650-800 V in 
recent years, the maximal motor speeds and used gear ratios in EVs are increasing as well in order to 
decrease the material usage. At present, maximal speed of electric motors in EVs is normally limited to 
maximal speed of 15.000 – 16.000 rpm with gear ration around 10:1. It would therefore be convenient to 
increase the maximal electrical motor speed above 20.000 rpm in combination with a gear ratio around 14:1 
in order to minimize total weight of EV drivetrain. The paper presents the design of interior permanent 
magnet synchronous motor (IPMSM) for energy-efficient electric propulsion system with 70 kW peak power 
motor power rating and maximal motor speed around 22.000 - 24.000 rpm, which has to be appropriate for a 
mid-sized C segment electric vehicle. Efficiency and power capability performance of IPMSM with 
distributed winding over a wide-speed range is presented on the basis of the finite element analysis (FEA) 
within the IEC 112 frame size. Cross-section of IPMSM with 36 stator slots and 8 poles is presented in Fig. 
1, while the main geometry and used material data are presented in Table I. 

 

Fig. 1  Cross-section of IPMSM (36 stator slots and 8 rotor poles, D-type rotor configuration). 
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Table I..Main geometry and used material data of IPMSM 

Number of stator slots 36 
Number of poles 2p=8 

Outer stator diameter 170 mm 
Stator bore diameter 102 mm 

One-side air-gap 1 mm 
Rotor outside diameter 100 mm 
Stator and rotor height 140 mm 

Shaft diameter 40 mm 
Depth of stator slot 23.3 mm 
Stator slot opening 2.1 mm 

Width of stator tooth 5 mm 
Upper magnet thickness 3.4 mm 

Upper magnet width 19 mm 
Lower magnet thickness 2.2 mm 

Lower magnet width 18 mm 
Magnet material  N28AH (Nd-Fe-B) 

Stator and rotor electrical steel M270-35A 
Stator winding type distributed, star connection, double layer 

Number of turns 3 turns per coil 
Number of strands 18 per turn 

 

2 Results 
Torque capability, power capability, efficiency performance and different loss components over the whole 
speed-range for IPMSM with 70 kW peak power motor power rating are presented in Fig. 2 to Fig. 8.  

 
a.)  

b.) 

Fig. 2  Motor torque and power characteristics for different maximal peak values of phase current: a.) motor shaft 
torque versus speed; b.) motor output power versus speed. 311 Apk (blue color line), 200 Apk (green color line), 100 
Apk (red color line) and 50 Apk (cian color line). 

 
In Fig. 2a (torque versus speed characteristics) and in Fig. 2b (output power versus speed characteristics) 
results for different current levels are presented. Current level of phase current 311 Apk (220 A RMS) 
corresponds to current density of 30.86 A/mm2, current level of phase current 200 Apk (141 A RMS) 
corresponds to current density of 19.84 A/mm2, current level of phase current 100 Apk (70.71 A RMS) 
corresponds to current density of 9.92 A/mm2 and current level of phase current 50 Apk (35.36 A RMS) 
corresponds to current density of 4.96 A/mm2. During the FEM analysis the average absolute temperature of 
130 degree Celsius was taken into account for stator winding, while the average absolute temperature of 120 
degree Celsius was taken into account for permanent magnet material. From the presented results in Fig. 2 
(results are presented for battery voltage level of 700 V) it can be seen that the presented motor design with 
36 slot/8 rotor poles exhibits excellent torque versus speed and output power versus speed characteristics.  
Efficiency characteristics, copper and iron loss characteristics in dependency on speed and torque are 
presented for different current levels in Figs. 3 – 8. 



 
a.)  

b.) 
Fig. 3  Efficiency characteristics in dependency on speed and torque: a.) efficiency for current limit 311 Apk; b.) 
efficiency for current limit 200 Apk. 
 

 
a.) 

 
b.) 

Fig. 4  Efficiency characteristics in dependency on speed and torque: a.) efficiency for current limit 100 Apk; b.) 
efficiency for current limit 50 Apk. 

 

 
a.) 

 
b.) 

Fig. 5  Copper loss characteristics in dependency on speed and torque: a.) copper loss for current limit 311 Apk; b.) 
copper loss for current limit 200 Apk.  
 
Results of loss characteristics were used for design of motor cooling system. The water cooling system with 
housing spiral water jacket with maximal fluid volume flow rate of 10 l/min and maximal inlet temperature 
of 65 degree Celsius was taken into account. Presented motor design in combination with water cooling 
system enables motor operation with continuous output power which exceeds 45 kW. In operation with 
continuous output power load the maximal absolute temperature in the motor hot spot does not exceed 
absolute temperature of 126 degree Celsius. 


