
 

ΦAbstract -- A brief review of permanent magnet (PM) 
synchronous generators with hybrid field excitation systems 
and output voltage regulation capabilities has been presented. 
Both series and parallel hybrid field excitation systems have 
been discussed. The review emphasizes the construction, 
advantages, drawbacks and basic characteristics of PM 
synchronous generators with additional field excitation 
winding placed either on the stator or rotor. 
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I.   INTRODUCTION 
n many variable-speed generator applications, as for 
example aircrafts, automobiles, wind turbines, 
microturbines, etc., constant-voltage operation over a 

broad range of speeds is required. Using classical 
synchronous machines with wound rotor and 
electromagnetic excitation, the required operating mode is 
achieved by appropriate reduction of the field excitation 
current as the speed increases. Permanent magnet (PM) 
brushless machines provide constant excitation flux that can 
only be controlled from the stator side, i.e., by injecting the 
d-axis current which in turn produces the d-axis armature 
reaction flux in opposite direction to the excitation flux 
[8,17].  

The stator magnetic flux called also armature reaction 
flux in PM brushless machines can be controlled by means 
of the solid state converter. This operation may lead to a 
significant increase in winding losses and decrease in 
machine efficiency. The stator flux control is not possible if 
the solid state converter present in the energy conversion 
chain is not a controllable device. This is the case of a PM 
synchronous generator loaded with a passive diode rectifier.  

Additional field excitation winding placed on the stator 
or rotor of a PM synchronous machines allows for direct 
adjusting the magnetic flux to given operating conditions. 

II.   HYBRID EXCITATION SYSTEMS FOR 
SYNCHRONOUS MACHINES 

A hybrid excitation system for a synchronous machine 
means that the excitation system consists of two or more 
subsystems.  In most cases there are only two field 
excitation subsystems: (1) PMs and (2) field excitation 
winding fed with a d.c. current. In principle, hybrid field 
excitation systems can be classified with respect to paths 
for magnetic fluxes [1], i.e.: 
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(a) series system, in which the fluxes produced by PMs 
and d.c. winding are in series (Fig. 1a);  
(b) parallel systems, in which the PM and d.c. winding 
 fluxes are in parallel (Fig. 1b). 
 

 
Fig. 1. Hybrid excitation systems: (a) series; (b) parallel. 1 – stator, 2 – 
rotor, 3 – PM, 4 – stator (armature) winding, 5 – field excitation winding, 
6 – PM flux, 7 – field excitation winding flux. 
 

An example of series excitation system is shown in Fig. 
2a [14] and an example of parallel excitation system is 
shown in Fig.2b [18].  In the second case, the synchronous 
machine has a two part rotor: wound field part and PM field 
part [18]. Magnetic circuits of wound field part and PM part 
are independent of each other. The flux produced by the 
field current does not pass the PM because it has a  large 
reluctance. The PM-field part is smaller than the wound-
field part because the d.c. winding requires strong MMF to 
produce similar flux as high energy PMs. 
 

 
Fig. 2. Examples of hybrid excitation systems: (a) series system [14]; (b) 
parallel system consisting of a two-part rotor [18]. 
 

Hybrid excitation systems shown in Fig. 2. require slip 
rings and brushes or brushless exciters. Brushless exciters 
are similar to those for standard synchronous machines, i.e., 
the three-phase armature and rotating rectifier is on the 
rotor and the field excitation system of the exciter is 
stationary. 

Hybrid field excitation systems can also be classified 
with respect to the geometry of the magnetic circuit, i.e.: 
(a) systems with variable reluctance of the magnetic 
 circuit; 
(b) systems with magnetic flux diverters; 
(c) systems with adjustable active air gap area. 
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Most field excitation systems with variable reluctance 
belong to the group of series systems and nearly all systems 
with magnetic flux diverters belong to the group of parallel 
systems. In systems with adjustable air gap area, the PM 
rotor is axially displaced with respect to the stator [12,14]. 

III.   FIELD EXCITATION SYSTEMS WITH STATIONARY DC COIL 
To eliminate slip rings and brushes, the d.c. excitation 

winding can be placed on the stator as shown in Figs 3 [16] 
and 4 [21], or in the bearing covers as shown in Fig. 5 [2].  

 
Fig 3. PM synchronous machine with d.c. field excitation winding on the 
stator. 1 - stator core, 2 - rotor core, 3 - PM, 4 - d.c. field winding [16]. 
 

 
Fig. 4. 3D image of a PM brushless excitation system with d.c. field 
winding on the stator [21]. 
 

 
 
Fig. 5. Interior PM synchronous machine with additional stationary field 
excitation windings.  Rotor PMs are not visible [2]. 

 

 
Fig. 6. PM hybrid synchronous machine with claw type rotor proposed at 
the University of Hong Kong [5]. 1 - North pole, 2 - South pole, 3 - d.c. 
field excitation winding, 4 - field winding holder, 5 - stator a.c. winding, 6 
- stator core, 7 - frame (housing), 8 - bearing, 9 - shaft. 
 

The machine shown in Fig. 4 [21] is exactly the same as 
that patented by T. Mizuno (Fig. 3) [16]. A similar hybrid 
PM as that shown in Fig. 5 [2] has been investigated at the 
University of Hong Kong (Fig. 6) [5]. 

The stationary d.c. field excitation winding increases the 
size and mass of the machine, contributes to the 
temperature increase, reduces the overall efficiency, and 
increases the leakage inductance of the stator a.c. winding. 

IV.   FIELD EXCITATION SYSTEMS WITH VARIABLE 
RELUCTANCE OF THE STATOR CORE 

The method of regulation of a PM synchronous 
generator output voltage by changing the reluctance of the 
stator core has been proposed in Soviet Russia by A.I. 
Bertinov in 1951 [4,22]. The implementation of this method 
into product line has been done by A.I. Bertinov, V.G. 
Andreev and  S.R. Mizurniy [4]. The change in reluctance 
for the magnetic flux has been accomplished by control of 
the d.c. current in the field excitation winding placed on the 
stator yoke. The stator d.c. field winding is located in the 
same slots as the a.c. armature winding, as shown in Fig. 7. 
By changing the d.c. current in the stator magnetizing 
winding (also called the d.c. control current), the magnetic 
field intensity in the stator yoke is also changed and the 
reluctance of the yoke can be adjusted to obtain the desired 
generator output voltage. 

 
Fig. 7. Stator with toroidal d.c. winding for magnetizing the armature yoke 
according to A.I. Bertinov [4]: 1 – stator (armature) winding, 2 – d.c. 
winding field excitation winding, 3 – armature yoke. This machine has 
inner rotor and outer stator. 

 
A change in the current of the d.c. excitation winding 

causes a change in the d.c. component of the magnetic field 
intensity in the armature yoke. Consequently, the magnetic 



 

permeability and reluctance of the core are functions of the 
d.c. excitation flux. 

The MMF of the d.c. field excitation winding is usually 
small, because the magnetic flux produced by this winding 
goes only through the ferromagnetic core (no air gaps). 
Consequently, the required d.c. excitation power is also 
small. Since the d.c. flux does not penetrate through air 
gaps, the inductance of the d.c. field excitation winding is 
large.  

The machine shown in Fig. 7 belongs to the group of 
machines with hybrid series excitation systems, because the 
d.c. magnetic flux increases or decreases the reluctance of 
the armature core for the PM flux. 

Similar to Bertinov's invention, R. Shervington's 
generator (1994) [20] operates also on the principle of 
saturated magnetic circuit of the stator. Bertinov's generator 
has additional slots for d.c. control winding which saturates 
the stator yoke, while Shervington's generator uses 1/3 of 
existing stator slots to accommodate the d.c. control 
winding C1C2 (Fig. 8). Ferromagnetic slot closers (wedges) 
for the control winding are recommended to intensify the 
effect of the voltage regulation. 
 

 
Fig. 8. Winding diagram of 3-phase generator according to [20]: ABC - 
terminals of armature winding, C1C2 - terminals of control winding.  
 

 
Fig. 9. Output terminal voltage V versus control current Ic of PM brushless 
generators with variable reluctance of the armature core. 

 
As the d.c. control current increases, the magnetic 

permeability of the stator yoke decreases, so that the 
reluctance of the yoke for the magnetic flux increases. 
Increased reluctance of the yoke means that the leakage 
magnetic flux increases and the main (useful) magnetic flux 
decreases which in turn slightly reduces the magnetic flux 

density in the air gap, and consequently the EMF. As a 
result, the generator output voltage decreases with the 
increase in the d.c. control current (Fig. 9). 

Both Bertinov and Shervington's 3-phase generators 
allow for voltage regulation in the range of 10 to 20%. For 
single phase configuration, Shervington's generator may 
reduce the output voltage up to 45%. The advantage of both 
Bertinov and Shervington's generator is that the voltage-
control current characteristics are approximately  linear 
(Fig. 9). 

Bertinov's generator require more iron for the stator to 
accommodate the control winding. In Shervington's 
generator there is less room in slots for the armature 
winding because part of slots are occupied by the d.c. 
control winding. 

The drawback of these generators is the reduction of the 
output terminal voltage with the control current (see 
attached slide). This may not be desired in the case of loss 
of control current (failure mode) because a high d.c .control 
current is required at no load to keep the output voltage at 
the rated level. 

V.   FIELD EXCITATION SYSTEMS WITH MAGNETIC FLUX 
DIVERTERS 

A d.c. field excitation coils wound on an additional stator 
ferromagnetic yoke can effectively divert the portion of the 
PM magnetic flux and regulate the magnetic flux linked 
with the a.c. armature winding. In this case, the machine 
has a parallel hybrid excitation system. Such a synchronous 
generator according to invention [7] is schematically shown 
in Fig. 10. 
 

 
Fig. 10.  Cross section of a voltage regulated generator according to 
invention [6,7]: 1 – three-phase armature winding, 2 – d.c. control 
winding, 3 – magnetic flux diverter, 4 - PM rotor, 5 - ferromagnetic yoke. 
This machine has inner stator and outer rotor. 
 
The outer rotor has surface PMs magnetized radially. The 
inner stator has two yokes and two toroidal windings 
(Gramme windings). Both toroidal windings are located in 
slots and wound around yokes. The outer winding is the 
armature winding, usually a three-phase winding. The inner 
winding is the d.c. control winding used for magnetizing 
the inner yoke. The magnetic flux excited by outer rotor 
PMs penetrates through the air gap to the stator core. The 
stator outer and inner yokes create return paths for the 
magnetic flux.  
 



 

 
Fig. 11.  The effect of control current Ic on the relative magnetic 
permeability and reluctance of a flux diverter. 

 
The magnetic flux is inversely proportional to the 

reluctance R of the ferromagnetic core, i.e., 
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where Vμ is the magnetic voltage drop, μ0 = 0.4π x 10-6 H/m 
is the magnetic permeability of free space, μr(Ic) is the 
relative magnetic permeability of the flux diverter 
dependent on the control current Ic, SFe is the cross section 
area of the flux diverter and lFe is the length of the flux 
diverter (Fig. 11). The relative magnetic permeability is a 
function of the magnetic flux intensity. The magnetic field 
intensity is proportional to the current in the coil. Thus, the 
relative magnetic permeability varies with the current Ic. 
 

 
Fig. 12. Magnetic flux distribution in the machine shown in Fig. 10 for low 
or zero value of the d.c. winding control current. 
 

 
Fig. 13. Magnetic flux distribution in the machine shown in Fig. 10 for 
high value of the d.c. winding control current. 

If the magnetic permeability of the inner stator yoke is 
high (low d.c. control current), a large portion of the 
magnetic flux goes through the inner yoke as shown in Fig. 

12. The magnetic flux that excites  the EMF in the armature 
winding depends on how much of the magnetic flux goes 
through the inner yoke, i.e., through the magnetic flux 
diverter. If the diverter flux is comparable with or higher 
than that in the outer yoke, the induced EMF in the 
armature winding is low. If the magnetic permeability of 
the inner stator yoke is low (high d.c. control current), 
almost total magnetic flux goes through the outer yoke as 
shown in Fig 13. Hence, the induced  EMF in the armature 
winding is high.  

 
Fig. 14. Stator of the PM synchronous machine with magnetic flux 
regulation according to invention [9,10,11]: 1 – outer stator core with yoke 
and teeth, 2 – inner stator core (magnetic flux diverter), 3 – double layer 
armature winding, 4 – control winding. The machine has outer stator and 
inner rotor. 
 

The machine according to the author's invention [9,10] 
operates also on the principle of magnetic saturation of the 
portion of the stator core with the d.c. control winding, 
similar to the machine shown in Figs 10, 12 and 13. The 
construction of the stator according to invention [9,10] is 
shown in Fig. 14. The stator core has a magnetic flux 
diverter and two windings: a.c. armature winding and 
control winding. The control winding can be wound with  
round conductor or foil (ribbon). 

The reluctance of a ferromagnetic material is inversely 
proportional to the magnetic permeability. At zero control 
current Ic = 0, the reluctance of the magnetic shunt is low 
because its magnetic permeability is high. Almost total air 

gap magnetic flux shg Φ≈Φ  (produced by PMs) goes 
through the slot wedges (Fig. 15). The EMF induced in the 
a.c. stator winding is almost zero, because the magnetic 
flux linked with the stator winding is very small. 
 

 
Fig. 15.  Magnetic flux path in the case of zero control current Ic = 0, 

gsh Φ≈Φ . 

 
When the control current is greater than zero, i.e., Ic > 0, 

slot wedges partially saturate, their magnetic permeability 
decreases, reluctance increases and only portion of the 



 

magnetic flux shΦ  is shunted by the slot wedges (Fig. 16). 
The magnetic flux linked with the stator a.c. winding 
increases, so does the EMF induced in the stator winding. 
 

 
Fig. 16.  Magnetic flux path in the case of saturated slot wedges, Ic > 0, 

0≈Φ sh
. 

 
Further increase in the control current reduces further the 

slot wedge reluctance and its relative magnetic permeability 
is close to unity. Fully saturated slot wedges behave as free 
space. Almost the whole air gap magnetic flux 

gΦ excited 
by the rotor PMs penetrates through the stator teeth and 
yoke and excites maximum EMF in the stator winding.  

In order to obtain analytical equations describing the 
machine performance, the magnetization curve B(H) of the 
stator ferromagnetic core needs to be described analytically. 
To avoid complex mathematics, the magnetization curve is 
to be expressed with the aid of a simple equation. For 
analysis of the machine shown in Fig. 14 an approximation 
of magnetization curve proposed by L.R. Neyman has been 
used [19], i.e., 

nKHB
1

=      or   n
n B

K
H 1=     (2) 

For Hyperco 50 cobalt alloy the constant K = 1.52 
(Ωs/m)n and n ≈ 24. For M19 silicon steel K = 0.85 and n = 
12.  Parameters of the generator are sensitive to the 
magnetization curves of the core and flux diverter, so that 
any approximation error can lead to discrepancy of the 
calculated  and  measured performance characteristics.  
Polynomial approximation of the magnetization curve 
introduce fewer errors; however, more complex equations 
make the analysis intricate. With the aid of Ampere’s 
circuital law and eqn (2), the control current can be 
expressed as a function of the magnetic flux density B and 
number Ncsl of control turns per slot, i.e., 
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where lsl is the length of the magnetic flux path around 
stator slot for control coil flux and B is the magnetic flux 
density inside the flux diverter (inner yoke). 

The rotor magnetic flux can induce some a.c. voltage in 
the control winding. This voltage can be cancelled by series 
connection of the same terminals, i.e. beginning with 
beginning and end with end of neighboring shunt coils. 
Such a connection can be done only in the case of d.c. 

control current. 
 

 
Fig. 17. Regulation characteristics V = f(Ic) for three speeds n1, n2 < n1 and 
n3 < n2. 
 

The shape of the terminal voltage – control current V = 
f(Ic) regulation characteristic is exactly as desired to meet 
aircraft generator voltage regulation requirements (Fig. 17). 
The smallest output voltage is at zero control current and 
maximum output voltage is at maximum control current. 
Under failure of control circuit, the terminal voltage of the 
generator immediately drops to its minimum value (close to 
zero).  To keep constant output voltage, the control current 
is varied as shown in Fig, 17, e.g., if the speed decreases 
from n1 to n3, the current must be increased from Ic1 to Ic3 to 
increase the reluctance of wedges (flux diverters) and 
increase the magnetic linkage flux.  
 

 
Fig. 18. EMF waveforms as functions of control current for constant speed 
as obtained from the 2D FEM analysis. 
 

Thus, the regulation characteristic is similar to that of the 
machine according to invention [7].  The waveforms of 
EMF as functions of control current Ic for constant speed n 
= constant are shown in Fig. 18. Owing to nonlinearity of 
the magnetic circuit [12], the EMF is a nonlinear function 
of the control current Ic.  

The proposed method of magnetic flux shunting  
[9,10,11] does not require manufacturing of a special 
magnetic circuit as in the case PM generators with toroidal 
windings [6,7].  The machine [9,10,11] has a typical 
construction, i.e., outer stator and inner rotor. 

The simplest method of manufacturing is to make 
separately the outer stator (yoke and teeth) with three-phase 
armature winding and the inner yoke with control winding. 
A standard stator of a three-phase machine can also be used 
and adjusted to PM brushless machine with magnetic flux 
regulation capability. The outer stator has a typical double-



 

layer winding and slot insulation system, while the inner 
stator is recommended to have insulation system made by 
powder coating technique.  
 

 
Fig. 19. Single-phase PM machine with magnetic flux regulation 
according to [11]. 1 – PM rotor, 2 – stator ferromagnetic core, 3 – single-
phase  armature winding, 4 – control winding, 5 – magnetic flux diverter. 
 
Fig. 19 shows a simple single-phase PM machine with 
magnetic flux regulation [11]. This machine has only two 
poles, in which a part of the magnetic circuit is used as a 
magnetic flux diverter. The minimum linkage magnetic flux 
(rotor PM flux coupled with the armature winding) is at 
zero control current Ic = 0, i.e., when magnetic flux diverter 
is unsaturated. At Ic > 0, the magnetic flux diverter 
saturates, its reluctance for the magnetic flux increases and 
more rotor PM flux is linked with the armature winding. 
The saturation of the magnetic flux diverter has been 
explained in Fig. 11. 
 

 
 

Fig. 20. Assembly of a three-phase PM machine with magnetic flux 
regulation according to [11] using three the same single-phase machines 
shown in Fig. 19. 
 

A three phase machine can be built using three separate 
single-phase stators and three rotors on the same shaft [11], 
as shown in Fi. 20. 

VI.   MACHINES WITH SPLIT PERMANENT MAGNET ROTOR 
These PM generators with hybrid excitation systems belong 
to the group of machines with adjustable active air gap area. 

The field excitation flux of a PM brushless machine can 
be controlled mechanically [15] or hydraulically[13] by 
moving axially split PM rotor assembly. Fig. 21 shows a 
PM brushless machine with a split rotor, in which 
lubricating oil is used to pressurize the rotor shaft. Magnets 
are forced hydraulically out of the stator stack in the axial 
direction.  This effectively reduces the active air gap area, 
which reduces the magnetic flux linked with the stator and 
consequently reduces the EMF. 

A servo-valve can be used to regulate the oil pressure in 
the shaft. As the pressure is increased, the rotor assembly is 
axially pushed out of the stator stack.  As the oil pressure is 
decreased, the magnetic force pulls the rotor assembly back 
into position. 
 

 
 
Fig. 21. PM brushless machine with split PM rotor assembly and hydraulic 
regulation of magnetic flux by axial movement of PMs [13]. 

VII.   CONCLUSIONS 
A variety of PM synchronous generators with hybrid 

field excitation systems and terminal voltage regulation 
capability have been discussed.  The terminal voltage is 
controlled by variation of d.c. current in the so called 
control winding.  In series hybrid excitation systems the 
output terminal voltage at constant speed decreases with the 
control current (Fig. 9). In parallel hybrid excitation 
systems (with magnetic flux diverters) the output terminal 
voltage at constant speed increases with the increase in 
control current (Fig. 17). The main role of PM synchronous 
generators with hybrid excitation systems is to keep 
constant voltage at variable speed of the prime mover (Fig. 
17). It is especially important in synchronous generators for 
aircraft, automobiles, wind turbines, and microturbines. 
Additional control winding increases both the volume 
envelope and mass of the generator. 
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