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Abstract. The main objective of the paper is to demonstrate the functionality and 

reliability of a hydrokinetic turbine system – a submersible electric generator, suitable for 

very low watercourses. To achieve this goal, it is necessary to design and build a prototype of 

a hydrokinetic turbine, coupled with an electric generator with excitation made with 

permanent magnets. This paper presents an analytical model and a finite element numerical 

model for estimating the electrical parameters of the generator (voltage, current, power, etc.). 

The two models were compared, and the results were extrapolated, in the analytical model, 

for several speed values. 

Keywords: permanent magnet synchronous generator; finite element in time domain 

analyses; analytical model. 

 

 

1. INTRODUCTION 

 

 

Permanent magnet synchronous generators (PMSGs) are widely used in wind and 

hydro energy conversion systems, especially for their high efficiency, stability, low rotational 

speed and the lack of additional DC excitation supply. Many researchers are interested in the 

designing and optimization of the PMSGs suitable for their specific applications [1-3]. 

This paper presents a submersible permanent magnet synchronous generator (PMSG) 

used in a hydrokinetic turbine system. Synchronous generators are especially suitable for 

island systems of the picohydro power plant type (with power less than 10 kW). 

The proposed power system aims at practical use, to provide green energy, being able 

to be installed in a nearby watercourse. Thus, the aim of the paper is to develop a prototype 

that can obtain electricity from watercourses in places where the hydraulic head is very low. 

In the context of an accelerated dynamic of the use of renewable resources, increasing energy 

production and reducing the impact on the environment is an up-to-day subject.  

The factors influencing the conversion efficiency are mainly related to the rotor and 

electric generator type. The water velocity is particularly important because a doubling of it 

causes an approximately 8-fold increase in energy density. Currently, there are various 

conceptual solutions for hydrokinetic turbines, but their efficiency is considerably low 

compared with conventional hydroelectric plants [4]. Therefore, the problem of increasing the 

conversion efficiency of kinetic energy still remains a current topic, under the attention of 
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researchers in order to increase their physical and economic feasibility [5-6]. Classic solutions 

are constantly improved and in parallel, new solutions are developed worldwide that offer 

higher yields [7-9]. In [10] an experimental model of the hydrokinetic turbine is presented and 

many flow velocities and rotational speeds were investigated to characterize the turbine 

efficiency. These kinds of turbines are simple to install and operate and the maintenance costs 

are convenient, but predicting turbine performance is essential for large-scale implementation 

[11, 12], thus, many different prediction models are developed. 
 

 

2. THE 3D CAD MODEL OF THE HYDROGENERATOR 
 

 

To comply with the technical conditions of operation of the hydro aggregate with the 

kinetic turbine, immersion in the direction of the water stream, the actual construction 

considers: the rotor (1), the casing (2), the shields (3), (4) and shaft (5) are sized according to 

the mechanical stresses at the level of the hydro aggregate assembly, Fig. 1; the sealing of the 

static parts is done with O-rings at the level of the shields - the casing, Fig. 2a; the sealing at 

the level of the traction-motion shaft is made with a mechanical sealing device from ROSEAL 

type EFS163 S045 U1U1S2 G5G1, having the following components: rubber bellows (1), 

pressing ring (2), spring (3), pressing ring (4), mobile ring (5), fixed ring (6), secondary 

sealing (7), Fig. 2b; the shaft bearing is made with ball bearings. The anti-thrust bearing is of 

the radial-axial type with double-row balls to absorb the axial loads generated by the rotating 

turbine. 

 
Figure 1. Generator assembly, 3D CAD model. 

 

  
a) b) 

Figure 2. Generator mechanical seal device. 

 

The rotor subassembly, shown in Figs. 3 and 4, is made of the following components: 

1. rotor shaft; 

2. safety ring for axial fixation of the 12-pole rotor core on the shaft; 

3. side flange for fixing the magnetic core and the 12 polar soles; 

4. magnetic core rotor with 12 poles; 

5. permanent magnets DfES, 36 pcs.; 

6. polar sole. 
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Figure 3. Three-phase synchronous generator mounted rotor subassembly, exploded view 3D CAD model. 

 

  
Figure 4. Rotor subassembly. 

 

 

3. DESCRIPTION OF THE ANALYTICAL MODEL 

 

 

In Fig. 5 is presented the block diagram of the electrical circuit of the assembly, 

having the following elements: hydrokinetic turbine (1); the three-phase synchronous 

generator (2); rectifier bridge (3); DC voltage variator (4) to provide an imposed voltage for 

charging the battery bank (5); the single-phase or three-phase inverter (6) to provide 

alternating voltage to the consumer (7). 

The estimated maximum power is 1100 W. The reference speed range is  

150-300 rpm. In order to increase the efficiency of the electrical circuit of the assembly, the 

generator has a relatively high electrical voltage output. 
 

 
Figure 5. Block diagram of the electrical circuit of the assembly. 

 

The analytical model of the PMSG was implemented in MATLAB, having as input 

parameters rotational speed (n) and current density (J1), and as outputs the operating 

parameters, e.g. line voltage (UL), phase current (I), voltage drop (ΔU), electric power (P), 

etc. The program generates several characteristics of output parameters at different 

operational conditions, as shown in Figs. 6 and 7. The red line marks the imposed current 

density limit. The analytical model does not consider the magnetic saturation effect of the 

sheet, thus the U-I characteristic is linear. 
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Figure 6. a) No-load operation characteristic; b) Load operation characteristic; c) Power characteristic as 

a function of current. 

 

 
Figure 7. a) Power characteristic depending on the current density; b) Load operation characteristic (after 

rectification); c) Power curve depending on Joule losses. 

 

 

4. DESCRIPTION OF THE NUMERICAL FINITE ELEMENT MODEL 

 

 

Based on previous research on a submersible electrical generator with a similar 

topology of the rotor, it was determined that by reducing the 3D geometry to 2D planar (mid-

plane, not taking into account the effect of rotor skewing) the error of the numerical model 

will not exceed 6%. The error being less than expected for this kind of numerical model, the 

design of the current generator was carried out with the help of a simplified 2D numerical 

finite element model, with a considerable economy of computational resources. 

The finite element numerical model was made in Altair FLUX 2D software. The value 

of the remnant magnetic flux density of the magnets used is considered Br=1.1 [T]. In the 

numerical model, the non-linear B-H characteristic of the stator sheet FLU_M600_65A was 

used. 

In Fig. 8 is presented the simplified geometry of the generator, having the following 

elements: casing (1), stator sheet (2), stator winding (3), permanent magnets (4), polar sole 

(5), rotor magnetic core (6), shaft (7). The permanent magnets (4) are represented with two 

colors, red and blue, to highlight their alternative placement. In Fig. 9 is presented the mesh 
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associated with the geometry and in Fig. 10 is shown the electrical circuit associated with the 

geometry. 

 

 
Figure 8. Simplified geometry of the generator. 

 

  
Figure 9. The mesh associated with the geometry. 

 

 
Figure 10. The electrical circuit associated with the geometry. 

 

 

4.1. NO LOAD OPERATION OF THE PMSG 

 

 

The worst case in the operation of the generator is represented by the speed of  

150 rpm where the losses in GS are significant. Thus, three operating point models of GS 

were compared. 

Time dependence and harmonics of the line voltage at no load operation of PMSG at 

150 rpm are presented in Fig. 11. Also, the computed parameters are shown in Table 1. Due to 

the skewing effect of the rotor of the experimental model, the harmonics will be reduced. 
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Figure 11. Time dependence and harmonics of the line voltage. 

 

Table 1. Computed parameters for no load operation of PMSG. 

Model n [rpm] f [Hz] R load [Ω] U_L0 [V] 

Analytical 150 15 1e7 180.653 

Numerical 150 14.99 1e7 182.794 

Relative error [%] 0 -0.05 0 1.171 

 

For the no-load operation of the PMSG, the relative error of the line voltages has the 

lowest value, compared with the load operation. The line voltage was estimated using the 

equation (1), [13]: 

 

                            (1) 

 

 

 

4.2. LOAD OPERATION OF THE PMSG 

 

 

In Fig. 12 is shown the pseudo-colored map of the magnetic flux density and lines of 

the magnetic field for load operation at the speed of 150 rpm, where it is noticeable that the 

maximum value of the magnetic flux density is found at the tip of the stator teeth and in the 

edges of the polar soles. 
 

  
 

Figure 12. Map of the magnetic flux density and lines of the magnetic field for load operation. 
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Time dependence and harmonics of the line voltage and current at load operation of 

PMSG at 150 rpm are presented in Figs. 13 and 14. Also, the computed parameters are shown 

in Table 2. 
 

 
 

Figure 13. Time dependence and harmonics of the line voltage. 

 

 
 

Figure 14. Time dependence and harmonics of the current 

 

Table 2. Computed parameters for load operation of PMSG. 

 n [rpm] f [Hz] R load [Ω] UL [V] Uph [V] Iph [A] 

Analytical model 150 15 48.705 152.689 87.834 1.803 

Numerical model 150 15.083 49.7175 155.298 89.662 1.80342 

Relative error [%] 0 0.55 2.03671 1.68 2.0384 0.0011 

 Pel [W] ΔU [%] cos φ T [Nm] Pmech J1 

Analytical model 475.2 15.47916 1 - - 3.189 

Numerical model 485.092 15.04174 1 36.0815 566.767 3.189 

Relative error [%] 2.039 2.908 0 - - 0.00146 
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Continued 

Casing losses [W] 0.000366 

Losses in magnets [W] 0.021912 

Losses in polar soles [W] 0.567537 

Joule losses [W] 81.4543 

Friction losses [W] 31.41593 

Losses in the rotor core [W] 0.025578 

Losses in the stator core [W] 9.135872 

Efficiency [%] 79.82 

 

The efficiency was estimated using equation (2), [13], where Pel is the electrical 

power and ΣP is the sum of all losses in PMSG. 
 

     
   

      
     (2) 

 

 

4.3. MAXIMUM LOAD OPERATION OF THE PMSG 
 

 

The maximum load represents the load at which the generator can operate only for a 

short period of time without damaging the insulation of the conductors, taking into account 

that the PMSG is submersible. In Table 3 are shown the computed parameters. 
 

Table 3. Computed parameters for maximum load operation of PMSG. 

 
n [rpm] f [Hz] 

R load 

[Ω] 
UL [V] Uph [V] Iph [A] 

Analytical model 150 15 17.4278 120.0053 69.2851 3.9755 

Numerical model 150 15.083 17.4278 119.959 69.2581 3.974 

Relative error [%] 0 0.55 0 -0.0389 -0.03891 -0.03764 

 Pel [W] ΔU [%] cos φ T [Nm] Pmech J1 

Analytical model 826.3287 33.57123 1  -  - 7.0303 

Numerical model 825.697 34.37484 1 77.7533 1221.35 7.02758 

Relative error [%] -0.07657 2.337796 0 - - -0.0387 

Casing losses [W] 3.07E-04 

Losses in magnets [W] 0.047786 

Losses in polar soles [W] 0.10772 

Joule losses [W] 395.528 

Friction losses [W] 31.41593 

Losses in the rotor core [W] 0.025578 

Losses in the stator core [W] 9.135 

Efficiency [%] 65.43 



Analytical model and numerical finite element model for … Constantin Dumitru et al. 

ISSN: 1844 – 9581 Physics Section 

 

271 

5. CONCLUSION 

 

 

A new dedicated electric generator has been designed for a direct drive 

MICROHIDRO application. An analytical model and a numerical model using finite elements 

were developed to estimate the electrical parameters of the generator’s operation (voltage, 

current, power, etc.). The models can be used to optimize the generator design for a specific 

hydro turbine – a necessary step in the design of direct drive configurations. The analytical 

model, although lacking precision, is considerably faster than finite element models. Using a 

combination of these two types of models offers the advantage of reduced computational time 

and still retaining adequate precision. 
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