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Design methodology of a compact size charging system for emergency uses is investigated in this paper. The system consists
of a gearing unit, a generator, a charger, and some battery cells. The system’s electrical model has been introduced and a
3-phase axial flux surface mounted PM generator with a concentrated winding is picked as a generation unit. The basic
equations needed for the generator design are presented as well as the general considerations and constraints for the designs.
After validating the design equations using Finite Element Analysis, sizing equations are used to design different machines.
The resulted designs are compared based on main characteristics including output power, power delivered to the battery,
and generator efficiency. Finally, the performance of the valid designs in the system model is analyzed over a wide speed
range. The proposed methodology could be used to design portable power generation units for such applications as rescuing,
power system outage, camping, and so on.
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I. INTRODUCTION
Generators are an important part of human-driven portable
power generation systems. These generation units can be
applied to charge batteries and supply temporary loads for
different applications such as rescuing, power system outage,
camping, etc. Hence, high power density, efficiency, and
compact size are three main designing criteria of these systems.
The portable power generation systems consist of (i) a gear
unit to transform the human arm energy to the desired rotation
of the generator, (ii) a generator, (iii) a battery charger unit,
and (iv) a battery. Compared to the other types of generators,
axial flux permanent magnet (AFPM) generators are more
attractive, especially in low power applications due to their
higher power density and efficiency [1-3]. In addition, their
benefit from the cost, mass and volume viewpoints is that they
do not need a power supply for feeding and controlling the
excitation. In addition, gear units and generators can be
combined to further minimize the total mass and space of the
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system [4]. For variable-speed direct-driven applications such
as wind turbines, automotive applications, or human power
generation, different types of PM generators followed by a
converter as a power flow controller are the known
combinations [5-8].
For the design optimization and parametric analysis,
analytical equations of electromagnetic systems are the general
and well-known efficient, fast and reliable methods for the
primary design of electric machines [9-11]. In this paper,
AFPM is picked as a generator of the system. The basic
equations needed for the AFPM generator design are presented
and the general design considerations and limitations are
introduced and considered. Finite element analysis (FEA) is a
powerful tool [12,13] utilized for validating the analytical
design procedure.
This paper is organized as follows. Section II presents the
system design considerations including an electrical model of
the system, converter, and AFPM generator design method as
well as equations and constraints. Then, the design equations
are validated by a numerical simulation of the system in
Section III and Section IV evaluates the performance of the
portable power generation system over the operation range.
Conclusions are drawn in Section V.

International Journal of Industrial Electronics, Control and Optimization .© 2020 IECO… 12
II.

DESIGN CONSIDERATIONS

The architecture of the portable power generation system is
shown in Fig. 1. The system consists of a generator, power
flow control unit, and storage. It is clear that a lighter device is
preferred, but this parameter is affected by the physical and
electromagnetic properties of the used material, especially the
iron parts of the system. The main iron parts of the system are
the stator and the rotor of the generator. Materials with higher
saturation level reduce the use of iron which results in lower
overall volume and mass of the system. Also, using PMs with
a higher energy density like rear earth PMs will directly reduce
the size of the generator. So, a design approach is presented
below to find the optimum design for a portable power
generation system.

A. Electrical model
A portable power generation system consists of four basic
parts each of which can be represented by an electrical circuit.
The system is shown in Fig. 1a. The power electronic interface
rectifies and controls the 3-phase AC power from the output of
the generator to be delivered to the battery storage. To have a
reliable charging process, two types of converters can be
utilized: 1) uncontrolled rectification of the output power of
the generator, 2) controlled rectification using a chopper in
series with the previous rectification stage.
The DC equivalent model of the system is shown in Fig. 1b.
The model has a three-phase generator connected to a diode
rectifier that is modeled by its open-circuit DC voltage Edc ,
equivalent resistance Rdc , and the equivalent overlap resistance

3 6


So, the rectifier output is:

(3)

Vd  Edc  I d ( Rdc  Roverlap )  Vdiode

(4)

E

where e , E, Rs , Ls , I d , and Vd are the generator frequency,
phase back-EMF, resistance, inductance, and output DC
current and voltage of the rectifier, respectively.
When a diode bridge is supplied by a source with inductance
and the DC side is represented by a current source, the current
commutation will not be instantaneous and the maximum ideal
value of the commutation angle u should be less than  / 3
[6], [16].

B. Chopper design and battery modeling
A Cuk converter (Fig. 1c) is designed and implemented as a
DC/DC converter due to its buck-boost capability and
continuous input and output currents to regulate the charging
profile independent of back-EMF of the generator due to
different speeds of the rotation by the human arm [15].
The battery is modeled by its equivalent DC resistance RB
in series with a voltage source EB . So, the delivered power to
the battery Pdel is:

Pdel  I o .EB

=

By the circuit equations and assuming lossless operation of
the converter, the following relation is obtained [16]:
Vo I d
D
(6)
 
Vd I o 1  D

So, to operate the converter in the continuous input and
output currents mode:

(a)

 I L1  I L1  0

 I L 2  I L 2  0
By substituting parameters in (7), we have:

 Vo  Eb   D  Vd D
0



 Rb   1  D  2 L1 f

Vo  Eb Vd D


0

Rb
2 L2 f


(b)

(c)

Roverlap 

3



e Ls

(8)

(9)

So, L1 and L2 can be defined with design criteria. For

Fig. 1. A portable power generation system: a) schematic b) the
equivalent DC model, c) a chopper (Cuk-converter) circuit

For a three-phase bridge rectifier, we have [15]:
Rdc  2Rs

(5)

where, D is the duty ratio defined as the ratio of switch ontime to switching period. And:
V  Eb
(7)
Io  o
Rb

Roverlap due to commutating inductance [14,15].

AFPM

Edc 

(1)
(2)

certain allowable ripple of the capacitor VC , its value can also
be calculated with:

 Vo  Eb 

D
Rb 
C
f VC

(10)
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C.
AFPM Design
The following assumptions are taken into account in the
generator design [7]:
 the fundamental component of the magnetic flux
density distribution in the air-gap is only considered
 magnetic flux crosses the air-gap perpendicularly
To reduce manufacturing costs and the winding losses,
concentrated windings for stator are developed with shorter
end windings, reduced copper losses, higher torque density,
potentially higher efficiency, and easiness to manufacture [1719].
Fig. 2 shows a cross-section of a concentrated windings
machine. The peak value of the fundamental space harmonic
of the magnetic flux density in the air-gap can be calculated by
Ampere’s circuital law, the magnetic flux continuity and the
Fourier analysis as below [7]:

Bˆ g 

lm
4   b (r ) 
Brm sin  p 
rm geff
  2 p (r ) 

(11)

where Brm , rm , lm and g eff are the residual flux density,
relative recoil permeability and thickness of the PMs, and the
effective air-gap length, respectively. In addition,  p (r ) is
the pole pitch and bp (r ) is the width of the PMs at radius r .
For a non-sinusoidal magnetic flux density waveform, the
magnetic flux produced by the PMs per pole is [9]:

2  
 f    Bˆ g r  dr
p 
ri  
ro

(12)

MMF harmonic contents, eddy current losses in the PMs, and
leakage inductance [21].
For the double-layer winding, the cross-section area of a
conductor is:
bhk
acu  s s fill
(17)
2 Nc
where N c is the coil number of turns, k fill is the slot fillfactor, and bs , hs are the width and depth of the slot, as shown
in Fig. 2. So, the coil and phase resistances will be calculated.
For a double-layer concentrated winding, the specific leakage,
the end connection, and differential leakage fluxes are
calculated by Eq. (19)-(20), respectively [9].
 hs  h12 h12  3(c /  p )  1


bs 
4
 3bs

1s  





1e  0.34q 1 



 lm, end turn 
2

c

(18)

(19)

2

mq p kw 2   2 (10q 2  2)   30  

sin
     1
2
 g eff ksat 
27

  q 

5 g  / bs

5  4 g  / bs

1d 

(20)

where g eff and g  are defined in [9] and c , q , m , and

k sat are the coil pitch, the number of slots per-pole per-phase,
the number of phases, and the saturation factor of the magnetic
circuit, respectively.

For rectangular shape PMs with the width of bp , Eq. (12)
results in:
r

f 

p.b
lm
8 o
Brm
sin( p )dr

rm geff
 p ri
2r

(13)

where p is the number of pole-pairs and ri , ro are the inner
and outer radii of the poles, respectively.
The no-load voltage induced in each phase can be calculated
as below [9]:
1
E
kw N s  ro 2  ri 2  Bˆ g
(14)
2

(a)

where k w is the distribution factor for the fundamental space
harmonic,  is the mechanical angular speed, and N s is
the number of turns per phase.
The average length of a turn and the average length of the
inner and outer end turns can be calculated as follows [20]:
2 (ro  ri )
lm  2  ro  ri  0.5bs  
(15)
s

lm, end turn 

 (ro  ri )

 0.5bs
(16)
s
where s is the number of slots.
A double-layer winding has shorter end-windings, lower

(b)

Fig. 2. An axial flux single rotor PM generator with concentrated
winding: a) AFPM structure, b) cross-section and geometrical
parameters

The armature leakage reactance is:
X1  4 f 0

2lm, end turn

Li N s 2 
1e  1d 
 1s 
pq 
Li


(21)
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where Li is the effective length of the stack.
The armature reaction reactance assuming rm  1 and
surface configuration of PMs is [9]:

 ro 2  ri 2 
(22)


 geff 
So, the synchronous reactance of a machine is calculated as
below:
(23)
X s  X1  X a
Nk 
X a  2m0 f  s w 
 p 

2

Electric and magnetic constraints of an electric machine can
be considered by the peak line current density in the average
radius [9]:
Am 

2 2mI a N s
  ro  ri 

(24)

and the magnetic flux density in the narrowest stator tooth part
[19]:
Bˆ .
Bt ,max  g s ,min
(25)
bt ,min
where I a is the armature current,  s ,min is the minimum slot

Table I shows the main design parameters in which some
parameters are held constant and the constraints are applied for
minimum delivered power to the battery and the generator
efficiency.
By taking the constant parameters and the design constraints
into account, and sweeping the design variables, including
geometric and electromagnetic parameters, the valid designs
are resulted as reported in Table II. Fig. 3 compares the main
characteristics of valid designs.
To design higher power generators, some constant
parameters and design constraints should be changed so that
the design process could be converged to valid designs. These
parameters and constraints are geometrical parameters (outer
radius, maximum slot height) and PM parameter (width and
thickness).

III. FEA VALIDATION OF THE DESIGNS
This section validates the analytical design equations. The
system is implemented in the FEA software package. Also, a
MATLAB code is generated to calculate the field variables
using the analytical deign equations as described in Section II.

pitch, and bt ,min is the narrowest tooth width at the inner
radius.
For a generator with an output power Pg , by assuming the
core and PM losses kloss times of the output power, the
electromagnetic power can be calculated as [21,22]:
Pelm  1  kloss  Pg  Pw

(26)

where Pw is the stator winding losses. Now, the efficiency
of the generator is:
P
 g
Pelm

Fig. 3(a)

(27)

The cogging-torque frequency is given by the smallest
common multiplier of the number of poles and slots [6]. For a
slot to pole ratio of 9/8, 15/14, 12/10, 12/14 and 18/16, very
good results are obtained [6].
So, the preliminary design specifications of the AFPM
generator are as following:
 double-layer concentrated winding with 9/8 slot to
pole ratio
 minimum possible slot depth and so axial length
 maximum peak line current density in the average
radius Am,max


maximum magnetic flux density in the narrowest part
of the stator tooth Bmax

The generator design variables to meet the minimum
requirements are PM width ( bp ) and thickness ( lm ), slot width
to pitch ratio ( bs /  s ), hs and h12 , and phase number of turns
( N s ).

Fig. 3(b)

(c)

Fig. 3. The comparison of the main characteristics of the valid
designs: a) output power, b) power delivered to the battery, c)
generator efficiency
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TABLE I

Fig. 4 shows the magnetic flux density distribution in
different parts of the 1st design generator as well as the backEMF. The duty ratio of the controlled converter is set to 0.5.
The main characteristics and output parameters of the
generator and the portable power generation system are
compared in Table III that shows the close results of analytical
and numerical solutions. Discrepancies in analytical and
numerical results of Table III are mainly due to simplifying a
complex structure to a 2D linear model, neglecting leakage
fluxes, and ignoring the harmonics of flux density distribution
in the air-gap.

MAIN DESIGN SPECIFICATIONS, 2000 RPM,

Parameter

Value

p  4, s  9

Parameter

Value

lm

5mm

RB

1 ohm

bp

20mm

Kloss

0.05

hs ,max

30mm

ro

60mm

Bmax

1.7T

ri

35mm

Am,max

20e3 A/m

g

1mm

min

80%

Brm

1.2

Pd ,min

150 watt

PM type

NdFeB35

EB

24 V

TABLE II
PARAMETERS OF THE DESIGNED GENERATORS

(a)

Parameter

#1

#2

#3

#4

#5

hs (mm)

15

16

17

18

19

h12 (mm)

0

1

2

3

4

bs /  s

0.2

0.2

0.2

0.2

0.2

Rs   

0.229

0.229

0.229

0.229

0.229

Ls (mH )

0.533

0.568

0.604

0.639

0.674

78

78

78

78

78

0.785

0.785

0.785

0.785

0.785

Parameter

#6

#7

#8

#9

#10

hs (mm)

20

21

15

16

17

h12 (mm)

5

6

0

1

2

bs /  s

0.2

0.2

0.21

0.21

0.21

Rs   

0.229

0.229

0.239

0.239

0.239

Ls (mH )

0.709

0.744

0.562

0.598

0.634

78

78

81

81

81

0.785

0.785

0.785

0.785

0.785

Ns
2

aCu (mm )

Ns
2

aCu (mm )

(b)

TABLE III
COMPARISON OF ANALYTICAL AND NUMERICAL RESULTS

(c)

Fig. 4. Numerical results: a) magnetic flux density distribution in
the 1st design generator poles, b) PMs, c) back-EMF

Parameter

Numerical

Analytical

rms phase current

5.2A

5.9A

rms phase voltage

19V

20.6V

Ls

5.7mH

5.3mH

Id

7.3A

7.6A

Vd

38.5V

39.2V

Po

282watt

298watt

IV. PERFORMANCE EVALUATION OF DESIGNS
Now, for 10 resulted designs of previous sections, the main
output characteristics are analyzed in this section. The variable
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parameters for the operation range in question are the shaft
speed and the duty ratio of the Cuk converter. The objective is
to maximize power delivery to the battery at each speed.
Figs. 5 and 6 show the output characteristics that are the
output power, the maximum power delivered to the battery, the
generator efficiency, and the duty ratio for the defined
objective. It should be noted that for other design objectives,
different figures will be resulted.
Fig. 5 shows that the output and delivered power increase as
the speed increases, but the rate of increase is different for
different designs. Also, the working space is under the mesh as
these figures show the boundaries.
Fig. 6a depicts that efficiency is directly related to the speed,
and there is a large gap between the efficiency of designs 8-10
and the previous ones. As expected, the duty ratio in Fig. 6b
decreases as the speed increases to regulate the output voltage
of the converter.
Data in Fig. 6b could be used to control the converter so the
maximum possible power delivery to the battery is achieved at
different speeds.
These figures are dependent on the specifications of the
battery. So, there exists a set of curves that show each output
characteristic versus speed and battery specifications for a
certain design.

(a)

(b)

Fig. 6. The output characteristics of the valid designs: a)
efficiency, b) duty ratio

V.

(a)

CONCLUSIONS

This paper addresses the design and analysis of a portable
power generation system. The key element of the system is the
axial flux PM generator that has a considerable effect on the
performance and output parameters of the system. The
electrical model of the power generation system, design
equations, constraints and approach for the generator design
are presented. The design equations are validated by the finite
element analysis and are used to design an AFPM generator
for specific system requirements and parameters.
The presented method could be extended to other types of
generators and could be utilized to design a similar fraction of
horsepower portable power generation systems.
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