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Development and Analysis of the Magnetic 
Circuit on Double‑Radial Permanent Magnet 
and Salient‑Pole Electromagnetic Hybrid 
Excitation Generator for Vehicles
Xueyi Zhang1*  , Qinjun Du2, Jinbin Xu1, Yuzhen Zhao1 and Shilun Ma1

Abstract 

With the improvement of vehicles electrical equipment, the existing silicon rectification generator and permanent 
magnet generator cannot meet the requirement of the electric power consumption of the modern vehicles electrical 
equipment. It is difficult to adjust the air gap magnetic field of the permanent magnet generator. Consequently, the 
output voltage is not stable. The silicon rectifying generator has the problems of low efficiency and high failure rate. 
In order to solve these problems, a new type of hybrid excitation generator is developed in this paper. The developed 
hybrid excitation generator has a double-radial permanent magnet, a salient-pole electromagnetic combined rotor, 
and a fractional slot winding stator, where each rotor pole corresponds to 4.5 stator teeth. The equivalent magnetic 
circuit diagram of permanent magnet rotor and magnetic rotor is established. Magnetic field finite element analysis 
(FEA) software is used to conduct the modeling and simulation analysis on double-radial permanent magnet mag-
netic field, salient-pole electro-magnetic magnetic field and hybrid magnetic field. The magnetic flux density mold 
value diagram and vector diagram are obtained. The diagrams are used to verify the feasibility of this design. The 
designed electromagnetic coupling regulator controller can ensure the stable voltage export by changing the magni-
tude and direction of the excitation current to adjust the size of the air gap magnetic field. Therefore, the problem of 
output voltage instability in the wide speed range and wide load range of the hybrid excitation generator is solved.
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Electromagnetic coupling regulator controller
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1  Introduction
Generator is a key component of vehicle power system. 
At present, the main generator used in the vehicle is 
the silicon rectification generator and permanent mag-
net generator. The magnetic field of silicon rectification 
generator is created by electric excitation winding. Most 
of electric energy through the electric excitation wind-
ing is consumed in the form of heat, and only small part 
of electric energy is converted into magnetic energy for 
power generation, which causes the low efficiency of the 

generator. Permanent magnet generator’s magnetic field 
is created by permanent magnet without any electri-
cal excitation winding, which has advantages of simple 
structure and reliable operation. However, limited to the 
current development level of permanent magnet genera-
tor, it is difficult to adjust the magnetic characteristics of 
the generator and maintain the output voltage stable [1, 
2]. Permanent magnet generator is mainly used on the 
vehicle whose generator power is relatively small. While 
the generator power is too large, costs will be greatly 
increased and its popularization and application will be 
affected.

Hybrid excitation generator is a combination of perma-
nent magnets generator and electromagnetic generator 
[3–8]. The hybrid excitation generator using Nd–Fe–B 
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permanent-magnet materials to excite the magnetic field, 
which makes the specific power of generator increased, 
field winding current and excitation loss decreased, and 
efficiency of generator improved. Furthermore, the gen-
erator’s idle speed performance is better. According to 
the relationship between the permanent magnetic poten-
tial and the electric field potential, the hybrid excitation 
generator can be divided into two types: series hybrid 
excitation generator and parallel hybrid excitation gen-
erator. In the series hybrid excitation generator, electric 
field winding is arranged below the permanent magnet 
of the rotor to form a series structure. Due to the pres-
ence of the brush and slip ring structure, the reliabil-
ity of the generator is reduced [9]. In order to improve 
the structure of the brush generator, Leonardi et al. [10] 
put forward a kind of permanent magnet and excitation 
winding are located on the stator of the series hybrid 
excitation generator. Cancelled the brush and slip ring, 
the structure is more simple. But the electric excitation 
magnetic potential direct affects the permanent magnet 
and it is prone to irreversible demagnetization. There-
fore, scholars have less research on this kind of generator. 
At present, the research of hybrid excitation genera-
tor is mainly concentrated in the parallel hybrid excita-
tion generator. Hoange [11] proposed a hybrid excitation 
flux-switching generator based on the structure of flux-
switching permanent magnet generator. Many schol-
ars have shown a strong interest in the structure of the 
motor, and launched a related research [12, 13]. Accord-
ing to the different combinations of permanent magnet 
and electric field winding, the electromagnetic perfor-
mance and magnetic field regulation ability of the hybrid 
excitation flux-switching generator with different topolo-
gies were compared and analyzed [14, 15]. The generator 
has no permanent magnet or electric field winding on its 
rotor, and has many advantages of high power density 
and high efficiency. But the magnetic circuit of the gen-
erator is easily saturated, and the cogging torque is larger. 
A hybrid excitation claw-pole generator was proposed by 
Professor Qunjing Wang in HeFei University of Technol-
ogy [16, 17]. Because the electrical excitation part of the 
generator adopts the claw-pole structure, the additional 
air gap is large, the magnetic flux leakage is bigger, and 
the power density is low. Professor Surong Huang [18] in 
Shanghai University proposed a hybrid excitation bypass 
flux generator. The generator is easy to manufacture. 
However, the electric field winding is installed on the sta-
tor side, which results in a larger the electric excitation 
magnetic circuit reluctance affecting the efficiency of the 
generator.

In this paper, the double-radial permanent magnet and 
salient-pole electromagnetic hybrid excitation generator 
is developed adopting a combined rotor structure. The 

permanent magnet part is designed as a double radial 
permanent magnet structure, which can increase the air 
gap flux in the case of a certain volume of the generator, 
and increase the power density of the generator. The elec-
tric exciting part is designed as a salient electromagnetic 
structure, which is simpler than that of the traditional 
claw-pole electromagnetic and is easy to be processed. 
Consequently, the axial length of the generator is 
reduced. The double-radial permanent magnet field and 
the salient-pole electromagnetic magnetic field are used 
as the main generating part and the auxiliary generating 
part of the generator, respectively. The salient-pole elec-
tromagnetic magnetic field plays the role of increasing or 
weakening the main magnetic circuit magnetic flux in the 
hybrid magnetic field. The generator not only has good 
adjustment characteristic, but also has advantages of high 
power density, high efficiency and high reliability. It has 
important application value in the vehicle power system.

2 � Determination of Main Parameters
The hybrid excitation generator is composed of double-
radial permanent-magnet rotor, salient-pole electrical 
excitation rotor, stator core, armature winding and other 
components. Schematic diagram is shown in Figure 1.

2.1 � Double‑Radial Permanent‑Magnet Rotor
The structure diagram of double-radial permanent mag-
net rotor is illustrated in Figure 2. The permanent magnet 
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Figure 1  Structure diagram of double-radial permanent magnetic 
and salient-pole electromagnetic hybrid excitation generator. 1: 
Rectifier; 2: Shaft; 3: Locknut; 4: Rear cover; 5: Electric excitation 
winding; 6: Salient-pole rotor core; 7: Stator core; 8: Pole boots; 
9: Tile-shaped permanent magnet; 10: Armature winging; 11: 
Non-magnetic screw; 12: Front cover; 13: Rectangle permanent 
magnet; 14: Permanent magnet rotor core; 15: Die-cast aluminum 
magnetic isolation bushing; 16: Magnetism isolating air gap II



Page 3 of 13Zhang et al. Chin. J. Mech. Eng.           (2019) 32:33 

of the rotor is composed by tile-shaped permanent mag-
net and rectangle permanent magnet. The tile-shaped 
permanent magnet is fixed on the rotor yoke through 
pole boots by non-magnetic screw, and the rectangle 
permanent magnet is embedded in the rotor core’s rec-
tangular groove. Since the tile-shaped permanent magnet 
and rectangle permanent magnet provide flux for air-gap 
together, the air-gap flux density is increased. Magnet-
ism isolating air gaps I and II on rotor core are designed 
in order to avoid the rectangular permanent magnet 
appeared magnetic flux leakage by itself.

Volume of the permanent magnet is estimated based 
on the empirical formula [19]:

where PNY  is the power of permanent-magnet, σ0 is the 
magnetic leakage coefficient, Kad is the equivalent coef-
ficient of direct-axis armature reaction, KF is the multiple 
of permanent magnet magneto motive force to direct-
axis armature magneto motive force when the generator 
short-circuits, f is the frequency of generator, Ku is the 
voltage waveform coefficient, KB is the air-gap flux wave-
form coefficient, C is the maximum magnetic energy uti-
lization coefficient, (BH)max is the maximum magnetic 
energy product.

The permanent magnet’s theoretical volume is: 
V ′
m = 3.46 × 104 mm3.
The permanent magnet’s specific size is determined by 

the geometric constraints of rotor structure. Geometric 

(1)V ′
m = 225

pNY σ0KadKF

fKuKBC(BH)max

,

constraints of permanent magnet’s thickness are illus-
trated in Figure 3.

Stator core radius Rs0 and rotor core radius Rr0 of 
the generator are constant in this design. Permanent 
magnet’s thickness is affected by multiple geometric 
constraints:

where bm1 is the thickness of tile-shaped permanent 
magnet, bP is the thickness of pole boots, δ is the air gap 
length, θ is the angle between magnetism isolating air 
gap II and abscissa, hm1 is half width of tile-shaped per-
manent magnet, hm2 is the width of rectangle permanent 
magnet, Rz is the axis radius, t1 is the thickness of mag-
netic isolation bushing, t2 is the length of magnetic iso-
lation bushing bulge, t3 is the distance from rectangular 
permanent magnet to the edge of rotor core.

The actual size of the permanent magnet calculated is 
shown in Table 1.

2.2 � Salient‑Pole Electrical Excitation Rotor
Electrical excitation rotor is required to generate addi-
tional no-load induced electromotive force according to 
changes in load current in order to compensate for the 
voltage changes that caused by load current changes. 
Therefore, the hybrid excitation generator terminal volt-
age remains constant. For salient pole generator, only the 
pole shape and electric excitation winding turns need 
to be designed and calculated. The structure diagram 

(2)0 < bm1 + bP < Rs0 − Rr0 − δ,

(3)hm1 < Rr0θ
π

180
,

(4)0 < t3 = Rr0 −
hm2

tan θ
< Rr0 − (Rz + t1 + t2).

1 2 3 54 6 7 8 9

Figure 2  Structure diagram of double-radial permanent magnet 
rotor. 1: Shaft; 2: Permanent magnet rotor core; 3: Tile-shaped 
permanent magnet; 4: Non-magnetic screw; 5: Pole boots; 6: 
Magnetism isolating air gap I; 7: Rectangle permanent magnet; 
8: Die-cast aluminum magnetic isolation bushing; 9: Magnetism 
isolating air gap II
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Figure 3  Geometric constraints of permanent magnet thickness
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of salient-pole electrical excitation rotor is illustrated in 
Figure 4.

2.2.1 � Determine the Shape of the Salient‑Pole
In the design of salient-pole generator, there are clear 
requirements of air-gap flux density waveform for the 
utmost sinusoidal distribution to make output volt-
age of the generator be sine wave. However, due to the 
concentration of salient-pole generator excitation wind-
ing, the magnetic potential distribution is rectangular 
wave. Therefore, generally there are no even air gaps for 
the salient-pole generator. The air gaps on the middle 
line and the tip of the magnetic pole are designed into 
the minimum value δmin and the maximum value δmax, 
respectively. Magnetic pole shape of salient generator is 
shown in Figure 5.

The air gap flux density waveform is very similar to sine 
wave when the ratio is: δmax:δmin=1.5:1. If the ratio is too 
small, air gap flux density waveform will be pulse shape. 
If the ratio is too large, leakage flux between adjacent 
pole boots will be increased. If the pole body width bm 
is too small, magnetic flux density is easily reached satu-
ration. If bm is too large, the space for electric excitation 

winding will be too small. bm is determined by the follow-
ing formula:

where Bg is the peak value of air gap magnetic-flux den-
sity sine wave, τ is the polar distance, l is the salient rotor 
core length, σm is the magnetic leakage coefficient of 
magnetic pole, Km is the rotor punching sheet laminated 
coefficient, lm is the axial length of the rotor pole body, 
Bm is the control using value of rotor pole body magnetic 
flux density.

In the above formula, numerator is each magnetic pole 
magnetic flux of the rotor, and denominator is the mag-
netic flux that the unit pole body width corresponding 
body area allowed to pass. The calculation of pole body 
width Bm is 12 mm.

Rotor pole body height hm is determined by total cross-
sectional area of electrical excitation winding. If the 
height is too small, the space to place electrical excitation 
winding will not be enough. In this design, the rotor pole 
body height hm is 25 mm.

2.2.2 � Calculation of Electrical Excitation Winding
Electrical excitation winding is spooled on the rotor 
iron core, and two adjacent windings are spooled on the 
opposite directions. The numbers of winding turns are 
equal. Electrical excitation rotor which has N pole and 
S pole arranged interval are formed on the neighboring 
two salient pole surface.

Calculations of electrical excitation winding turns and 
wire diameter are as follows.

According to Kirchhoff’s second law: 
∑

HL = NI , 
Namely, 

∑ Bl
µrµ0

= NI , then the following formula can be 
derived:

(5)bm =

2
π
Bgτ lσm

KmlmBm
,

(6)
B0

µ0
× l0 +

B1

µr1µ0
× l1 +

B2

µr2µ0
× l2 = I × N ,

Table 1  Size of permanent magnet

Permanent magnet 
parameter

Tile-shaped permanent 
magnet

Rectangle 
permanent 
magnet

Thickness (mm) bm1 = 2.5 bm2 = 4.0

Width (mm) 2hm1 = 40 hm2 = 15

Axial length (mm) lm1 = 32 lm2 = 32

S

S
S

S

NN
N N

1 2 3

Figure 4  Structure diagram of salient-pole electrical excitation rotor. 
1: Salient-pole rotor core; 2: Electric excitation winding; 3: Shaft

hm

bm

Electric excitation
winding

Pole body

Stator core

pole boot

δmin

δmax

Figure 5  Magnetic pole shape of salient-pole electrical excitation 
rotor
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where B0 is the magnetic induction intensity in the air 
gap, B1 is the magnetic induction intensity in silicon steel 
sheet, B2 is the magnetic induction intensity in rotor core, 
l0 is the air gap magnetic path length, l1 is the silicon steel 
sheet magnetic path length, l2 is the rotor core magnetic 
path length, μ0 is the permeability of vacuum, μr1 is the 
relative permeability of silicon steel sheet, μr is the rela-
tive permeability of rotor core, I is the excitation winding 
current, N is the excitation winding turns.

The calculated number of excitation winding turns 
is 1868.9, namely, the number of turns per pole is 233.6 
turns. In this design, each pole of electric excitation 
winding has a turn of 235.

Electrical excitation winding wire diameter dl:

where J is the current density of electrical excitation 
winding wire.

The computation results of dl is 0.48  mm. In this 
design, dl is assigned the value of 0.51 mm.

(7)
π

4
d2l =

I

J
,

2.3 � Stator Structure Design
The stator of hybrid excitation generator is designed with 
3-phase, 8-pole and 36 slots, where each rotor pole cor-
responds to 4.5 stator teeth. This fractional slot winding 
can not only reduce the high-harmonic content of gen-
erator air-gap magnetic field and the stator iron losses, 
but also make the static magnetic moment of the entire 
rotor minimum. It greatly reduces the starting resistance 
torque of the generator. Pyriform slot is selected as the 
stator slot type in this design. Stator slot type and stator 
stamping are shown in Figure 6.

Three-phase double-layer fractional-slot winding is used 
in this design. Schematic diagrams of winding embedded 
line and fractional slot winding are shown in Figure 7 and 
Figure 8, respectively.

(1)	 The armature winding turns are calculated by:

	

(8)Ns =
E0

4.44fKwϕ0
,
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Figure 6  Pyriform slot and stator stamping
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Figure 7  Stator winding embedded line diagram
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Figure 8  Fractional slot winding schematic diagram
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 where E0 is no-load induced electromotive force, 
Kw is armature winding factor, ϕ0 is the effective 
magnetic flux through the armature windings at 
empty load. The computation result of Ns is 72.

(2)	 Diameter d of winding conductor is determined by:
	

 where ACu is the wire cut-area, IN is the rated phase 
current, a is the number of parallel branch, in this 
design a = 1. The computation result of ACu is 
2.38 mm2. Namely, the diameter d of winding con-
ductor is 1.74 mm. In this design, d is assigned the 
value of 1.75 mm.

3 � Equivalent Magnetic Circuit Analysis
3.1 � Hybrid Excitation Generator Equivalent Magnetic 

Circuit
The equivalent magnetic circuit diagram [20–22] of 
double-radial permanent magnet and salient-pole elec-
tromagnetic hybrid excitation generator is shown in 
Figure 9.

In Figure 9, Fc1 is equivalent magnetic potential of tile-
shaped permanent magnet, Fc2 is equivalent magnetic 
potential of rectangle permanent magnet, Fi is equiva-
lent magnetic potential of electromagnetic winding, 
Fad is longitudinal axis component of armature reaction 
magnetic potential, Gm1 is equivalent magnetic perme-
ance of tile-shaped permanent magnet, Gm2 is equivalent 
magnetic permeance of rectangle permanent magnet, 
Ge is equivalent magnetic permeance of electromagnetic 
winding, Gδ is main air gap permeance, Gmδ1 is additional 
air gap permeance between tile-shaped permanent mag-
net and pole shoe, Gmδ2 is additional air gap permeance 
between rotor core and tile-shaped permanent mag-
net, Gmδ3 is additional air gap permeance between rotor 
core and rectangle permanent magnet, Geδ1 is additional 
air gap permeance between electromagnetic winding 

(9)ACu =
IN

aJ ′
,

and salient-pole, GP is pole boots permeance, Gt is sta-
tor tooth permeance, Gk is salient-pole electromagnetic 
rotor core permeance, Gj1 is stator yoke permeance, Gj2 is 
rotor core permeance which is from tile-shaped perma-
nent magnet to rectangle permanent magnet; Gj3 is rotor 
core permeance which is from rectangle permanent mag-
net to tile-shaped permanent magnet, Gmσ1 is leakage 
permeance between tile-shape permanent magnet axial 
end surface, Gmσ2 is leakage permeance between tile-
shaped permanent magnet side surface, Gmσ3 is leakage 
permeance between the two ends of pole shoes, Geσ1 is 
the leakage permeance between the two ends of electric 
excitation winding, Geσ2 is leakage permeance between 
electric excitation winding side surface, Fm is total mag-
netic potential drop between the two ends of tile-shape 
permanent magnet, Φmδ is no-load total magnetic flux 
of tile-shaped permanent magnet, Φeδ is no-load total 
magnetic flux of electric excitation winding, ΦmU is the 
no-load effective magnetic flux through the air-gap, Φmσ1 
is leakage magnetic flux between tile-shape permanent 
magnet axial end surfaces, Φmσ2 is leakage magnetic flux 
between tile-shape permanent magnet side surfaces, 
Φmσ3 is the no-load leakage magnetic flux between the 
two ends of pole shoes, Φeσ1 is leakage magnetic flux that 
is converted to the two ends of electric excitation wind-
ing, Φeσ2 is leakage flux between poles which is converted 
to the two ends of electric excitation winding.

Since the magnetic circuit of double-radial permanent 
magnet part and salient-pole electromagnetic part is 
essentially independent of each other, permanent magnet 
magnetic circuit and electric excitation magnetic circuit 
are analyzed separately to simplify the analysis process.

3.2 � Analysis of Permanent Magnet Part Equivalent 
Magnetic Circuit

In radially magnetized permanent magnet generator, two 
permanent magnets of a pair of poles are working in tan-
dem status, where each permanent magnet provides each 
pole’s air-gap flux. In double-radial permanent magnet 

Figure 9  The equivalent magnetic circuit diagram of double-radial permanent magnet and salient-pole electromagnetic hybrid excitation 
generator
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generator, each pole air gap flux is provided by three per-
manent magnets. The equivalent magnetic circuit dia-
gram is shown in Figure 10.

Each pole has two tile-shaped permanent magnets and 
one rectangular permanent magnet to form three mag-
netic potential sources. In order to facilitate analysis, 
superposition principle is used on the permanent magnet 
part equivalent magnetic circuit diagram to transform the 
equivalent magnetic circuit model in Figure  10 into the 

model a + model b + model c, which is shown in Figure 11. 
When the generator is in no-load operation: Fad = 0.

Namely,

Φmδ = Φ ′
mδ

+Φ ′′
mδ

+Φ ′′′
mδ

,

Φmσ1 = Φ ′
mσ1 −Φ ′′

mσ1 −Φ ′′′
mσ1,

Φmσ2 = Φ ′
mσ2 +Φ ′′

mσ2 +Φ ′′′
mσ2,

Φmσ3 = Φ ′
mσ3 +Φ ′′

mσ3 +Φ ′′′
mσ3,

ΦmU = Φ ′
mU +Φ ′′

mU +Φ ′′′
mU.

Fc1

Fc2 Fc1

Gm1

Gmδ1 GP

G j3

Gmσ1

Gm2 G j2 Gm1 GP

Gt

G j1

G t
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Figure 10  The equivalent magnetic circuit diagram of double-radial permanent magnet part
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Figure 11  Superposition principle diagram of permanent magnet part equivalent magnetic circuit model. a Model a of permanent magnet part 
equivalent magnetic circuit. b Model b of permanent magnet part equivalent magnetic circuit. c Model c of permanent magnet part equivalent 
magnetic circuit
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According to Figure 11a, b and c, Ohm’s law and Kirch-
hoff’s law of magnetic circuit, Eqs. (10), (11) and (12) can 
be obtained:

The calculated no-load effective magnetic flux ΦmU 
and the estimated effective magnetic flux of permanent 
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magnetic field through the armature winding Φ ′′
δ0y are 

approximately equal, which meets the design requirements.

3.3 � Analysis of Electrical Excitation Part Equivalent 
Magnetic Circuit

The excitation winding is equivalent to a magnetomotive 
force source Fi and a constant internal magnetic perme-
ance Ge. Electrical excitation portion provides main flux 
Φeδ and leakage flux Φeσ to the outside magnetic circuit, 
and the corresponding permeance is divided into main 
permeance Geδ and leakage permeance Geσ. In salient-
pole electrical excitation generator, electrical excitation 
windings of a pair poles are working in tandem status. 
The equivalent magnetic circuit diagram of salient-pole 
electrical excitation is shown in Figure 12.

The superposition principle is used to transform the 
equivalent magnetic circuit model in Figure  12 into the 
model a + model b in Figure 13. When the generator is in 
no-load operation: Fad = 0.

Namely,

Φeδ = Φ ′
eδ −Φ ′′

eδ,

Φeσ1 = Φ ′
eσ1 −Φ ′′

eσ1,

Φeσ2 = Φ ′
eσ2 +Φ ′′

eσ2,

ΦeU = Φ ′
eU +Φ ′′

eU.

F i

Ge

Gδ Gk Geδ1

Geσ1

GkF i
Ge

G eσ2

G tG j1

GδGt

F e

Φeδ

Φeσ1Φeσ2

Geδ1

F ad

ΦeU

Figure 12  Salient-pole electrical excitation equivalent magnetic 
circuit diagram
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According to Figure 13a and b, Ohm’s law and Kirch-
hoff’s law of magnetic circuit, Eqs. (13) and (14) can be 
obtained:

The calculated no-load effective magnetic flux ΦmU is 
less than the estimated effective magnetic flux of perma-
nent magnetic field through the armature winding Φ ′′

δ0y . 
The reason is that the magnetic flux Φ ′′

δ0d is saturated. 
The magnetic flux density of the Silicon steel is used as 
the parameter value for the estimation. The actual value 
is less than the estimated value, which explains magnetic 

(13)















































Φ ′
eδ = Φ ′

eσ1 +Φ ′
eσ2 +Φ ′

eU,

F ′
e = Φ ′

eδ

�

2

Gk
+

1

Gδ

+
1

Geδ1

�

+Φ ′
eσ1

1

Geσ1
,

Φ ′
eσ1

1

Geσ1
=

�

Φ ′
eδ −Φ ′

eσ1

�

�

1

Ge
+

1

Geδ1

�

+Φ ′
eσ2

1

Geσ2
,

Φ ′
eσ2

1

Geσ2
= Φ ′

eU

�

2

Gt
+

1

Gδ

+
1

Gj1

�

+ Fad,

(14)















































Φ ′′
eσ1 +Φ ′′

eδ = Φ ′′
eσ2 +Φ ′′

eU = Φ3,

F ′′
e = Φ3

�

1

Ge
+

1

Geδ1

�

+Φ ′′
eσ1

1

Geσ1
+Φ ′′

eσ2

1

Geσ2
,

Φ ′′
eσ1

1

Geσ1
= Φ ′′

eδ

�

2

Gk
+

1

Gδ

+
1

Ge
+

1

Geδ1

�

,

Φ ′′
eσ2

1

Geσ2
= Φ ′′

eU

�

2

Gt
+

1

Gδ

+
1

Gj1

�

+ Fad.

field density is produced by the electric field winding cur-
rent, which does not reached the saturated condition of 
silicon steel. This design complies with the operational 
requirements.

4 � Magnetic Field Simulation Analysis 
and Performance Test

4.1 � Simulation Models
The mathematical model for magnetic field analysis is 
established based on Maxwell equations [23, 24]:

In the above equations, the relationships between 
amounts of field are: D = εE , B = µH , J = σE.

The electromagnetic field wave equations are derived 
from the wave equation using vector magnetic potential 
as field variable functions, where the wave equation uses 
scalar function as field variable functions.

The 3D model shown in Figure  14 is for hybrid exci-
tation generator of double-radial permanent mag-
net and salient-pole electromagnetic. The 3D model is 
obtained by the following process: constructing geo-
metric models, defining and assigning material prop-
erties, defining and loading the excitation source and 
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Figure 13  Electrical excitation equivalent magnetic circuit model 
superposition principle diagram. a Model a of electrical excitation 
part equivalent magnetic circuit. b Model b of electrical excitation 
part equivalent magnetic circuit

Figure 14  Three-dimensional model of double-radial permanent 
magnet and salient-pole electromagnetic hybrid excitation generator
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the boundary conditions, solving option parameter and 
post-processing.

4.2 � Simulation Analysis of the Model
When the salient-pole electromagnetic rotor pass 
through with no current, forward current, or reverse 

current respectively, the diagram of magnetic flux density 
mold value and magnetic flux density vector are shown in 
Figure 15a, b and c, respectively.

As shown in Figure 15a, when there is no current in the 
salient-pole electromagnetic rotor, the air gap magnetic-
flux of double-radial permanent magnet and salient-pole 

Figure 15  The magnetic flux density mold value diagram and vector diagram when electromagnetic rotor passed through with no current (a), 
forward current (b) and reverse current (c)
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electromagnetic hybrid excitation generator is provided 
by the double radial permanent magnetic field, where the 
air gap magnetic-flux density is small. As shown in Fig-
ure 15b, when the salient-pole electromagnetic rotor pass 
through with forward current, the generator air gap mag-
netic-flux is provided by the double-radial permanent 
magnetic field and salient-pole electromagnetic magnetic 
field, where salient-pole electromagnetic magnetic field 
plays a role in increasing magnetic field and the mag-
netic-flux density is increasing. As shown in Figure 15c, 
when the salient-pole electromagnetic rotor pass through 
with reverse current, the generator air gap magnetic-flux 
is provided by the double-radial permanent magnetic 
field and salient-pole electromagnetic magnetic field, 
where salient-pole electromagnetic magnetic field plays a 
role in reducing magnetic field and air gap magnetic-flux 
density is decreasing.

The simulation results of the 3D model show that the 
size of air gap magnetic-flux density can be adjusted by 
changing the magnitude and direction of the current to 
achieve the purpose of stabilizing output voltage.

4.3 � Electromagnetic Coupling Regulator Controller
The target of stable voltage is 28 V for double-radial 
permanent magnet and salient-pole electromagnetic 
hybrid excitation generator in this design. The elec-
tromagnetic coupling regulator controller is used to 
ensure stable voltage export of the hybrid excitation 
generator in a wide range of speed and load state. Elec-
tromagnetic coupling regulator controller consists of 
reference circuit, comparison circuit, trigger circuit 
and H-bridge control circuit [25]. According to the 
changes of hybrid excitation generator output voltage, 
the electromagnetic coupling regulator controller can 
change the magnitude and direction of the electromag-
netic winding current to adjust the size of the com-
bined magnetic field in the armature winding in order 

to export stable voltage. The circuit principle diagram 
of electromagnetic coupling regulator controller is 
shown in Figure 16.

When the engine speed is too low and the hybrid 
excitation generator output voltage is lower than 28 
V, the electromagnetic coupling regulator controller 
controls the electric excitation winding to be passed 
through by forward current in order to generate mag-
netic field, which can be superimposed on permanent 
magnetic field and will cause increase of the effective 
magnetic field in the armature winding. Eventually, it 
will lead to the ascending of hybrid excitation generator 
output voltage. When the hybrid excitation generator 
output voltage is higher than 28 V, the electromagnetic 
coupling regulator controller controls the electric exci-
tation winding to be passed through by reverse cur-
rent. Then, the generated magnetic field will weaken 
the permanent magnetic field, which causes decrease 
of the effective magnetic field in the armature winding. 
Eventually, it will lead to the reducing of hybrid excita-
tion generator output voltage. It can ensure the hybrid 
excitation generator to export stable voltage in a wide 
range of speed and load states. The function of compo-
nents of electromagnetic coupling regulator controller 
is as follows.

Reference circuit uses the resistor divider type bias 
circuit, taking the midpoint of the two voltage-division 
resistances as the voltage operating point. In order 
to prevent the changes of stabilivolt value caused by 
the operating point drifting, usually two zener diode 
anodes are used in series connection for the tempera-
ture compensation.

Comparison circuit utilizes the feature that zener 
diode works in the reverse breakdown region, when the 
voltage is less than the stabilivolt value of zener diode 
where it does not breakover. According to the zener 
diode breakover or not, two audions alternately will be 
turned on and turned off, and control signals are sent.

Reference
  circuit

Trigger
 circuit

T1

T2

T3

T4

Comparison
    circuit

Excitation
  winding Generator

Load

Figure 16  Circuit principle diagram of electromagnetic coupling 
regulator controller

Table 2  Results of the generator output voltage

Speed (r/min) Load power (kW) Prototype 
voltage (V)

2000 1.9 27.5

2.0 27.3

2.1 27.2

4000 1.9 28.3

2.0 28.1

2.1 28.0

4800 1.9 28.4

2.0 28.2

2.1 28.1
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Trigger circuit can control the H-bridge arm to turn on 
or off according to the signal emitted by the comparison 
circuit.

H-bridge control circuit receives the signal provided 
by trigger circuit to make the two bridge arm alternately 
turned on or off. Thereby, it provides forward or reverse 
excitation current for electric excitation winding.

4.4 � Performance Test
In this design, hybrid excitation generator rated voltage is 
28 V, rated power is 5 kW, and rated speed is 4000 r/min. 
Permanent magnet materials is NTP-240SH [26, 27], and 
its remanent flux density Br is 1.12 T. The magnetic field 
strength Hc is 804 kA/m, and the maximum energy prod-
uct (BH)max is 223 kJ/m3. Under the conditions of load 
power is 1.9 kW, 2.0 kW and 2.1 kW, the newly developed 
hybrid excitation generator is tested from low speeds to 
high speeds. The results are shown in Table 2.

As seen from Table 2, the performance indicators have 
reached the design requirements when the generator 
speed varies from 2000 r/min to 4800 r/min and the load 
power varies from 1.9 kW to 2.1 kW. The output voltage 
steadies at 27.2‒28.4 V.

5 � Conclusions

(1)	 Hybrid excitation generator is composed by com-
bined rotor and fractional slot winding stator. 
Double-radial permanent magnet and salient-pole 
electromagnetic share one armature winding, the 
generated magnetic field synthesizes in the air gap. 
Per rotor pole corresponds to 4.5 stator teeth. The 
fractional slot winding used can not only reduce the 
high-harmonic content of generator air-gap mag-
netic field and stator iron losses, but also make the 
static magnetic moment of the entire rotor mini-
mum.

(2)	 Equivalent magnetic circuit method is used to cal-
culate the equivalent magnetic circuit numerical 
model of the double-radial permanent magnet and 
salient-pole electromagnetic hybrid excitation gen-
erator. Finite element analysis software is used to 
simulate and analyze the hybrid magnetic field. The 
results of numerical calculation and simulation are 
basically identical, which proves the rationality of 
the proposed design scheme.

(3)	 The electromagnetic coupling regulator control-
ler is developed, which stabilize the output voltage 
between 27.2 V and 28.4 V by controlling the mag-
nitude and direction of the electromagnetic wind-
ing current. It has excellent voltage stabilizing per-
formances.
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