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This paper deals with the numerical analysis of a hybrid permanent magnet generator able to produce simultaneously electric 
and thermal energy being dedicated for wind conversion systems. The studied machine is equipped with permanent magnets and 
it is analyzed from electromagnetic point of view using 2D and 3D finite element numerical models developed in Flux software 
package. The purpose of the analysis is to estimate the performance and operation characteristics of the machine. The numerical 
results are experimentally validated by measurements on a prototype. 

 
1. INTRODUCTION 

Wind power is one of the most abundant forms of 
renewable resources available on our planet, its exploitation 
being a priority for most countries of the world [1, 2].  

A key component of a wind conversion system is the 
electric generator whose role is to convert mechanical 
energy into electricity. Various synchronous and induction 
generators are proposed for wind turbines [3–8]. 

This paper analyzes a special hybrid permanent magnet 
generator (HPMG) which is able to convert the rotational 
mechanical energy simultaneously into electricity and heat.  

HPMG is a two in one machine that includes a permanent 
magnet synchronous generator (PMSG) and a permanent 
magnet heater (PMH)  Fig. 1 [9–14]. The PMSG is classical 
except the steel tube mounted around the stator core on 
which a copper tube serpentine is brazed, Fig. 1. A liquid 
thermal agent flows through the serpentine with the purpose 
to recuperate a part of the losses (iron losses, Joule losses, 
etc.) dissipated in PMSG. 

PMH includes a rotor equipped with PMs and a stator 
represented by the same steel tube of the PMSG which is 
properly extended. By spinning the rotor, the magnetic field 
generated by the PMs induces eddy currents in the stator 
tube that are converted into heat and recuperated, in most 
part, by the thermal agent flowing through the serpentine.  

HPMG is a cogeneration device that operates at high 
efficiency values since a large part of PMSG losses are 
recuperated by the thermal fluid agent. For high efficiency 
and minimum thermal losses such generators could be 
integrated in direct drive small power wind conversion 
systems mounted near the end users (e.g. near the buildings 
or on their rooftop). Since the heat is evacuated from the 
HPMG by forced convection, the machine can be 
downsized compared to classical electric generators for the 
same performance, resulting a high energy density machine. 

The numerical analysis of the HPMG as well as the 
estimation of its operation characteristics are carried out 
based on the finite element method (FEM) using the 
professional software package Flux ® [15]. The machine is 
analyzed from electromagnetic point of view and the 
numerical results are experimentally validated. 

2. MAIN DATA OF STUDIED HPMG 

The studied HPMG has a rated total power Pn = 3 kW 
(2.4 kW electric power and 0.6 kW thermal power), a rated 
voltage Vn = 195 V, a rated current In = 7.1 A, a rated speed 
nn = 230 rpm. The PMSG has 2p = 38 poles and its stator 
magnetic core is made of electric steel laminations with 48 
slots. The PMH has 2p = 12 poles and its stator is 
represented by a steel tube where eddy currents are 
developed. On the outer surface of the steel tube a copper 
tube serpentine of 8 mm outer diameter is soldered. The 
PMs are made of NdFeB (with remnant flux density 
Br = 1.17 T and relative magnetic permeability μr ≈ 1.088). 

 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                                                                                                    

Stator 
magnetic 
core Permanent 

magnet 

Steel tube 

Stator 
slot 

Permanent 
magnet 

Magnetic core 

Copper 
serpentine  

Cold 
fluid

Hot 
fluid

Fig. 1 – Main parts of the studied HPMG (3D cutaway view). 

Some geometrical data of the HPMG (PMSG and PMH) 
are given in Table 1. 

Table 1 

Main geometrical data of the HPMG 

Outer diameter of steel tube [mm] 305 
Inner diameter of steel tube [mm] 285 

Bore diameter of PMSG [mm] 210 
Axial length of PMSG [mm] 130 
Axial length of PMH [mm] 25 

Outer diameter of copper tube [mm] 8 
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3. ELECTROMAGNETIC FIELD MODELS 

Taking into account the special construction of the 
HPMG which is a two in one machine, its analysis from 
electromagnetic point of view can be split into two parts. 
The first part of the FEM analysis that refers to the PMSG 
will be done by a 2D approach (for CPU time reduction 
reasons) and the second part of the analysis that refers to 
the PMH will be based on a 3D approach due to the eddy 
currents distribution that has a 3D pattern.  

3.1. ELECTROMAGNETIC FIELD MODEL OF PMSG  

The study of PMSG by FEM supposes a 2D transient 
magnetic field analysis using step-by-step in time domain 
method characterized by the following partial differential 
equation expressed in magnetic vector potential A [15]:  

     
[ ] JHAB c =−ν rot)(rot

       
(1) 

where ν is the magnetic reluctivity, J is the current density 
flowing through the stator coils and Hc is the coercive 
magnetic field of PMs (PMs are characterized also by 
remnant magnetic flux density Br).  

In order to determine the current density J corresponding 
to the stator coils in (1), which is apriori unknown, the FEM 
model of the PMSG is associated to an equivalent three-
phase circuit model of the machine [16].  

By taking into account the geometrical and physical 
symmetries the 2D FEM computation domain is reduced to 
half of the PMSG cross-section, as shown in Fig. 2, where 
the FE discretization is also illustrated.  

The solution uniqueness of (1) is ensured by imposing 
Dirichlet boundary condition on the outer and inner 
frontiers of the computation domain in Fig. 2 and anti-
cyclical boundary conditions on its radial frontiers. 
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Fig. 2 – Computation domain and FE discretization of PMSG. 

3.2. ELECTROMAGNETIC FIELD MODEL OF PMH 

The eddy currents induced in the stator steel tube of 
PMH have a 3D spatial distribution. That is why a 3D FEM 
analysis of this component of the HPMG is compulsory. 
This study supposes also a transient magnetic field analysis 
of the device by the step-by-step in time domain method. 
The transient magnetic field model TΦ −  Φ based on total 
magnetic scalar potential Φ and electric vector potential T 
formulations is described by the following general partial 
differential equation [15]: 

[ ]div ( grad ) 0μ − Φ + + =r T B
               

(2) 

By taking into account the geometrical and physical 
symmetries of the PMH the 3D computation domain is 
confined to only 2 magnetic poles, as shown in Fig. 3. The 
open boundary conditions are imposed by the infinite box 
feature implemented in Flux software package [15]. 
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Fig. 3 – Computation domain and FE discretization of PMH. 

4. NUMERICAL RESULTS 

4.1. NUMERICAL RESULTS FOR PMSG  

The numerical simulations allowed estimating the 
voltage – speed characteristic in no–load operation and the 
external characteristic of the PMSG for R and L type loads, 
Figs. 4 and 5.  

The oscillations of the electromagnetic torque as well as 
the current and voltage waveforms were also determined, 
Figs. 6–8.  

 
Fig. 4 – Voltage – speed characteristic of PMSG in no-load operation. 

 
Fig. 5 – External characteristics of PMSG for R and L types loads. 
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Fig. 6 – Electromagnetic torque oscillations of PMSG for rated load. 

 
Fig. 7 – Time variations of line voltages of PMSG under load. 

By studying the results in Fig. 4 we can notice a linear 
increase of the electromagnetic torque with the rotor speed 
of PMSG.  

The external characteristics of the PMSG for R and L 
loads, shown in Fig. 5, are decreasing with the load current. 
From no load to full load the voltage drop is of about 12.5 
% for R load and 25.6 % for L load. 

The time variation of electromagnetic torque represented 
in Fig. 6 reveals very small torque oscillations, less than 
0.74 %. The waveforms of line voltages of the PMSG 
shown in Fig. 7 are very close to perfect sinusoidal signals.  

4.2. NUMERICAL RESULTS FOR PMH 

The 3D transient magnetic field analysis of the PMH 
allowed us to determine various quantities and 
characteristics of the heater such as: distribution of 
magnetic flux density and induced power density in the 
steel tube (Fig. 8), the torque – speed characteristic (Fig. 9), 
and the electromagnetic torque oscillations (Fig. 10). 

 
Fig. 8 – Map of induced power density in the steel wall of HPMG.  

 
Fig. 9 – Torque speed characteristic of PMH. 

Fig. 10 – Electromagnetic torque oscillations of PMH. 

As we can see in Fig. 9, the electromagnetic torque of 
PMH increases almost linearly with the rotor speed. The 
numerical results shown in Fig. 10 reveal negligible 
electromagnetic torque oscillations of PMH. By summing 
the results shown in Figs. 6 and 10 we can conclude that 
electromagnetic torque ripples of the PMHG are very small. 

5. EXPERIMENTAL RESULTS. 
VALIDATION OF NUMERICAL RESULTS 

The numerical results were validated by measurements 
carried out on the experimental model of the HPMG shown 
in Fig. 11.  

The diagram of the experimental setup is shown in Fig. 
12 where we can identify the driving system represented by 
an inverter fed induction motor, a gearbox, the HPMG, and 
the management system for the electric and thermal energy.  

As we can see the experimental setup includes also a 
torque and speed sensor and the power electronics modules 
for the grid connection of the HPMG. 

  
a)            b) 

Fig. 11 – Experimental model of HPMG: a) HPMG without cover 
(copper serpentine is visible); b) full HPMG prototype. 
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Fig. 12 – Diagram of experimental setup. 

 
The experimental setup installed at “Politehnica” 

University of Bucharest for measurements is shown in Fig. 13 
where we can identify the HPMG, the induction motor and 
the gearbox used to drive the generator. The rectifier and 
the inverter to connect the generator to the grid is also shown.  

 

 
Fig. 13 –  Experimental setup used for measurements. 

The experimental measurements allowed validating a 
part of the numerical results. In Fig. 14 is shown a 
comparison between the numerical and experimental results 
regarding the external characteristic of the PMSG. A good 
agreement between the results can be noticed. 

 
Fig. 14 – External characteristics of PMSG for R and L type loads. 

Other experimental results are shown in Figs. 15 and 16 
where are presented the time variations of phase current of 
HPMG (with the rectifier connected to its terminals) and 
the current injected by the inverter to the grid.  

We can notice that the HPMG phase current in Fig. 15 
has an important harmonics content due to the presence of 
the diode rectifier connected to the generator terminals.  

The harmonics content of the current injected by the 
inverter to the grid shown in Fig. 16 is smaller.  

 
Fig. 15 – Time variation of HPMG phase current 
when the rectifier is connected to its terminals. 

 
Fig. 16 – Time variation of the current injected by the inverter to the grid. 

The global efficiency ηPMHG of PMHG that takes into 
account both electric and thermal powers was determined 
experimentally by using the following expression: 

 ηPMHG = 100. (Pel + Pth)/(Pmec + Ppump), 
(3) 

where 3elP VI=  cos ϕ is the output active power of 
PMHG, Pth is the thermal power measured with a heat 
meater, Pmec is the input mechanical power received by the 
generator at its shaft measured with a KTR 32/300 torque-
speed sensor and Ppump is the average power absorbed by 
the pumping system. 

The following measurement results were obtained for an 
operation point close to the rated one: Pel = 2409 W, 

Induction 
motor 

Gearbox 

HPMG 

Inverter 
for motor

Rectifier 
Grid-tie 
inverter 

Torque 
sensor



5 Electromagnetic analysis of a hybrid permanent magnet generator  
 

 

37

(V = 193.9 V, I = 7.23 A, cos ϕ = 1 for resistive load),                       
Pth = 624 W, Pmec = 3335 W, Ppump ≈ 25 W. Thus the global 
efficiency of the PMHG is: 

ηHWG = 100. (2409 + 624)/(3335+25) = 90.27 %    (4) 

Such an efficiency value is significantly above those of 
classical PM generators of the same range of power and 
speed since the losses of common electric generators are 
not recuperated.  

The ratio between electric and thermal powers (Pel/Pth) 
for the rated operation point of the studied hybrid generator 
is close to 4. Depending on the imposed specifications this 
ratio can be adjusted by a proper design of the machine. 

6. CONCLUSIONS 
This paper dealt with the numerical analysis of a HPMG 

from electromagnetic point of view. The studied machine is 
designed for small power grid tie wind turbines. The 2D 
and 3D FE simulations allowed the estimation of the 
machine performance and specific operation characteristics.   

The numerical results were validated by experimental 
measurements, the agreements between the results being 
good.  

The HPMG was proved to be a well designed machine 
characterized by very small torque ripples and very high 
global (electric and thermal) efficiency.  
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