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Abstract: The demand in electric energy, in vehicles, has experienced a remarkably rapid growth
for a long time and this trend is expected to remain during the incoming years. The claw pole
alternator is designed to provide the necessary power for all the electrical accessory loads over the
entire operating speed, ranging from an idle speed of 1800rpm to a top speed of 6000 rpm. Because
of the relationship between the speed and the output power, producing enough power at idle speed
becomes a challenging problem. The aim of this paper is to optimize the rotor design of
conventional claw pole alternator in order to improve its performance during the idle speed. To
derive the optimal rotor structure, cyclic coordinate method linked with magnetic equivalent circuit
(MEC) model is used, including magnetic saturation effect and leakage flux. An Increase of up to
70% in output power at idle speed is demonstrated and significant improvements in performance
over the whole speed range were observed.

Keywords: Claw pole alternator, reluctance network, MEC model, electric generator, shape
optimization, cyclic coordinate method.

1. INTRODUCTION

Automotive alternators are responsible for the generation of electricity in almost all
vehicles using an internal combustion engine. They must be capable of powering all the
relevant systems the vehicle requires during operation. Until now, the claw pole alternator
constitutes the unique device responsible for the generation of electricity within a vehicle [4].
The main advantages of the claw pole alternator are its low cost and construction simplicity.
Therefore, it is well adapted for industrial and mass production. However it suffers from low
efficiency caused by high leakage flux [19] and poor output power [22]. Performance and
efficiency vary widely depending on the alternator speed and load conditions [12]. Commonly,
during idle speed (1800 rpm), the claw pole alternator isn’t able to sustain active electrical
loads for a reasonable amount of time without undue drain on the battery. Therefore, obtaining
sufficient output power at idle speed is required.

Recently there has been a considerable amount of work into developing higher power
alternators with improved performance. Some of this work has focused on designing a new
model of alternators such as the new claw pole alternator where the DC-excited winding is
located in the stator [10]. Another example is the doubly excited brushless claw pole alternator,
where the hybrid excitation is achieved by ferrite permanent magnets suitably mounted on both
the rotor and the stator in one hand, and a field winding in the stator on the other hand [5, 18].
Most of these new designs of alternators need a lot more development before they become a
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mature technology with possible integration in the vehicle power generating system. Improved
performances are also obtained by, simply, adding surface or interior permanent magnet to the
conventional claw pole alternator. Several studies have been carried out on hybrid excitation
claw pole alternators [13, 24, 25]. In hybrid excitation, at least two magnetization sources
are present in the rotor. In addition to the DC excited wound field, permanent magnets
are placed into the rotor to compensate leakage flux and to boost rotor flux. Permanent
magnet increases the power density and efficiency [21], however their higher price
undermines their usage [16]. Furthermore, current regulations and industry marketing
policies push the development process cycle energetically less expensive and
environment friendly. This tight context implies finding new technical solutions to keep
the same efficiency without permanent magnets. For these reasons a lot of efforts are
being spent to improve performance and efficiency by optimizing the design of an
existing traditional (conventional) claw-pole alternator [8, 23].

This paper describes the rotor design optimization of an existing conventional claw
pole alternator while keeping same stator design and the same alternator footprint, in an
attempt to increase the output power under different load conditions at the idle speed.
The design improvement is achieved by using the magnetic equivalent circuit (MEC),
which is widely considered in literature [2, 7, 9]. It has been shown in [15] that MEC
model helps to predict performance of claw pole alternator with high accuracy and
minimum CPU computation-time. Optimal rotor is designed by using cyclic coordinate
method. The optimization results which provide the optimized rotor geometrical
dimensions are discussed. The performance and the output power of the optimal claw
pole alternator over the entire speed range from idle speed of 1800rpm to top speed of
6000 rpm are presented.

2. 3D NONLINEAR MAGNETIC EQUIVALENT CIRCUIT MODEL

Claw-pole alternator mathematical modeling is complicated because the paths of the magnetic
flux are 3D. Therefore, the analytical method of magnetic equivalent circuit (MEC) based on
reluctance networks theory is used [6, 7]. The claw pole MEC model employed in this work
has been developed by Rakotovao [17] and used for optimization by Albert et al [2]. This MEC
model is less time consuming compared with numerical model based on finite element theory
[9]. Thus, the MEC model is particularly suitable for optimization purpose [15]. In the MEC
method, each flux path section is characterized by magnetic reluctance. The good estimate of
reluctances is essential because it guarantees the precision of the model and its coherence
during optimization. Accuracy of the MEC model also depends on the topology of the network
[14].

2.1 Expression of Reluctances

When material saturation is taken into account, the reluctance is non-linear function of the
flux, as shown in equation (2.1) [9]:

L O]
R==H(S) (2.1)
where, L is the average flux path length, S is the cross-section area and @ is the magnetic
flux. H(B) is the analytical expression of the magnetic field versus the flux density B, which
is expressed as follows [9]:

B=2
S

(2.2)
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2.2 Resolution Method of the MEC

Referring to the literature [9, 11], it has been reported that numerical resolution procedure of
the claw pole MEC is based on Newton Raphson algorithm and reluctance network theory.

2.2.1 MEC resolution in No Load Condition

MEC resolution enables the evaluation of the fluxes circulating in the different parts of the
magnetic circuit. In the case of no load condition, alternator’s back electromotive force (back-
EMF) is a function of the direct flux component only. The computation of the no-load back-
EMF is expressed as follows [9]:

1

vz

where, N, is the number of turns per armature phase, w is the angular frequency and @,,
is the maximum flux crossing a phase which is evaluated using the MEC resolution.

No-load back-EMF is plotted in Fig. 2.1, where it can be noticed that the magnetic
saturation occurs when the field current is greater than 1A.

E==N,0®, (2.3)
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Fig. 2.1. No-load back-EMF EMF versus field current

2.2.2 MEC resolution under Load Condition

Claw pole alternator is a salient-pole synchronous generator with high saturated areas.
Therefore, including the effect of the armature magnetic reaction in both g-and d-axis is
required. Within the g-axis, magnetic saturation is low, resulting in a constant stator transverse
inductance, while in the d-axis, saturation effect is important [2, 4]. Then, MEC accounting
for the d-axis armature reaction is consider in order to carry out the flux linkage, especially,
the one which allows the determination of the d-axis component of the back-EMF (), given
by equation (2.3). Under load condition, the back-EMF phase is expressed in terms %f itsd and
g components, as follows [9, 11]: —a

E=E4,+E, (2.4)
with

(2.5)

{ IEall = Ea(lf. 1a)
”qu| = Xq-1q
where I; and I, are the d and g components of the armature current. I is the field current.

X, is the g-axis reactance.

Moreover, for resistive load and adopting Blondel model illustrated in Fig.2.2, the back-
EMF: E is given by equation (2.6) [2, 4]:

E=V+RI+jXs1 (2.6)
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where:
- Rgand X, are the phase resistance and leakage reactance respectively.
- Rvis the resistive load.
-V and I are voltage phasors and the armature current respectively.

q-axisfn
Egd

Ea

(b)
Fig.2.2. (a) Blondel phase diagram in the case of resistive load. (b) Claw Pole alternator phase equivalent
circuit.

Procedure for an operating point calculation is illustrated in Fig 2.3. At each step, the
change in the solution is monitored. The process continues either until the change is less than
the Newton Raphson tolerance of 0.1%. The solution is obtained, in several seconds, after
maximum ten iterations.
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Fig.2.3. Operating point calculation algorithm.

3. ALTERNATOR PERFORMANCE

In the following section the alternator performances are evaluated across the whole speed
range. The 1800 rpm speed corresponds to idle speed and 6000 rpm corresponds to cruising
speed. Figure 3.1 (a) shows the calculated alternator output voltage versus the field current,
parameterized by the load current. The alternator generated voltage increases along with
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alternator speed and the field current. At idle speed, the maximum current drawn from the
alternator is 20.62 A, with field current and output voltage are equal to 5A and 12VAC
respectively. At this operating point, the saturation is well considered. It can be observed that
when the load current increases the output voltage drops.

3.1 Armature Current Characteristic

The calculated armature current versus alternator speed is illustrated in Fig.3.1 (b). The field
currentis setto 5 A. The armature current curve is characterized by three operating point. The
first one is the generation starting speed (Pas) or 0-Ampere-speed at which the alternator
reaches its rated voltage without delivering power. The second one is the maximum
output current at cruising speed (Pc), which corresponds approximately to the short-
circuit current of the alternator. The third one is the output current at idle speed (P1)[12].

; , _ p
;‘14 Rotational speed : 1800 pm % 5 P — 40 Ca
< Y12 X: 6000
B 12 104 | _ ¥:40.42
g g <30
510 20.62A £ X: 1800
z g [Y:2062
5 ® 30A 3 20 Pim
5] o
w6 e 5
404 g
2 4 E10
g <
a2 X: 1500
Pes | Y:0
o 0 ]
0 1 2 3 4 5 6 7 8 0 1000 2000 3000 4000 5000 6000
Field current (A) Alternator speed (rpm)
(@) (b)
1500
s /_’
« 1000 X: 1800
Y: 7422
% P
a [
5
£ 500
3
@]
0
] 2000 4 000 6 000
Alternator speed (rpm)
(0)

Fig. 3.1. (a) Stator phase voltage versus field current. (b) Armature current versus speed and the three operating
points. (c) Output power versus speed at fixed output voltage

3.2 Alternator Output Power at Fixed Output Voltage:

Particular attention is paid to the output power requirement at idle speed, at which, the
alternator must deliver at least the power needed for long-term consumers. No output power

is required below the idle speed. The calculated output power curve versus alternator speed is
shown in Fig.3.1. (c).

3.3 Maximum Output Power of the Alternator.

The calculated maximum output power of the alternator is given in Fig. 3.2. The field current
is set to 5A. Figure.3.2 (a) shows the load current that corresponds to the maximum power
delivered from the alternator. Figure.3.2 (b) shows the output voltage that corresponds to the

maximum power. These curves show the amount of maximum available output power of the
alternator.
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Fig.3.2.Calculated alternator output power parameterized by the alternator speed, versus (a) armature current,
(b) stator phase voltage.

4. OPTIMIZATION DESIGN PROCEDURE

The aim is to optimize rotor structure of claw pole alternator at idle speed, including the
magnetic saturation effect, while maintaining the same initial alternator footprint. The stator
design parameters remain unchanged. Table 4.1 reports the alternator parameters, with
assigned constant values that do not change during the optimization process.

Two optimization procedures are described, namely:

First optimization procedure

In the first optimization procedure, the objective function is to maximize the output power
at idle speed while maintaining the output voltage at 12VAC. In this case, maximizing the
output power leads to maximizing the delivered armature current.

Second optimization procedure

In the second optimization procedure, the objective function is to maximize the output
power without imposing the output voltage or armature current.

Table 4.1. Main fixed parameters of the CPA.

Fixed parameter Value
Number of phases 3
Number of pairs of poles 6
Number of stator slots 36

Outer stator diameter (mm) 127
Inner stator diameter (mm) 88.6

Shaft diameter (mm) 18.1
Height of plateau (mm) 11.95
Length of Rotor (mm): 52

4.1 Rotor Parameters Optimization

e First optimization procedure
Five crucial geometrical optimization parameters are selected, as shown in Table 4.2 and
illustrated in Fig 4.1. Some of these geometrical parameters determine the shape of the claw
pole. Determining the shape of the claw pole is the most important obstacle in the claw pole
alternator designing process. The claw pole has an important role in closing the magnetic field
lines because it ensures the route from the rotor excitation towards the air gap. The parameter,
related to rotor core (core length) is, also, very important, especially as it conditions the space
booked for the field winding.

e Second optimization procedure
In this case, besides the five geometrical optimization parameters, the armature current comes
to be added as the sixth optimization parameter.
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Table 4.2. Design of the sixth optimization parameters of the claw pole rotor

Optimization variable Optimization parameter Base value (mm)
X1 Width of the base of the claw 24.7
Geometrical X2 Height of claw tip 4.7
optimization X3 Core length 29
parameters X4 Air gap length 0.65
Xs Width of claw tip 6
— Xe Armature current —

In addition to these optimization parameters, there are other five geometrical implicit
parameters, listed in Table 4.3 and illustrated in Fig 4.1. To ensure the geometrical coherence
of the rotor, these parameters are subject to change according to optimization parameters
evolution during the optimization process.

Xs
< Xy ¢ R 2N
g——
| Field winding |
:Xg';: 3 N X
X
= ] RotorShaft _ _y _ _ ¥_
Fig.4.1. Geometrical parameters of rotor pole structure
Table 4.3.Implicit optimization parameters of the claw pole rotor
Implicit variable Implicit parameter Base value (mm)
X7 Distance between claw 6.6
Xs Claw pole length 29
Xy Claw side plate 11.5
thickness
X10 Core radius 41.4
X11 Outer rotor radius 87.3

The optimization of the rotor claw pole is a multivariable non-linear problem. In this
investigation, the objective functions cannot be expressed as closed forms thus a derivative
free optimization method is used for the objective function evaluation. Therefore, cyclic
coordinate method is applied.

4.2 Cyclic Coordinate Method

A cyclic coordinate method [3, 20, 26] using the unknown parameters as the search directions,
is applied to maximize the objective function successively along each coordinate. More
specifically, the method searches along the directionsds......., dn , Where d ; is a vector of zeros

except for a one at the j ™ position. Thus, along the search directiond  , the design variable X

is changed while all other variables are kept fixed.

This technique is described in Fig. 4.2 for the first iteration and in the case of two
coordinate axes X1 and Xa. Starting from Po (X10, X20), the maximization is performed
successively along X1 and Xz and leads, respectively, to P1 (X11, X20) and P2 (X11, X21). The
iterative process is repeated until the error test is satisfied. The algorithm shown in Fig. 4.3,
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estimates the vector parameters P that maximizes the objective function which increases at
each iteration.

PD’ P}
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Fig.4.2. 2-D illustration of the cyclic algorithm
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maximization in the

d i direction

Fig.4.3. Flowchart of the cyclic coordinate algorithm

In this study, the alternator output power is chosen as objective function, which is expressed
as follows [22]:

P=3xV,=* I 4.2)

where, P is the output power, V, and I, are the RMS value of output voltage alternator and
armature current respectively. Both speed and field current are kept constant and equal to-1800
rpm and 5A respectively. Orientation of the optimal solution toward a technically correct
solution requires us to limit the search space. Therefore, the optimization variables are
constrained to vary in a range, between a lower and an upper limit, as shown in Table4.4. The
armature current is introduced, only in the second optimization procedure, as a sixth variable.

Table 4.4. Optimization variables (mm or A).

Optimization variable | Lower limit Upper limit
X1 0.3 0.65
X2 1 5.5
X3 25 29
Xq 6 38.02
Xs 3 10
Xs 10 80
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5. OPTIMIZATION RESULTS AND COMMENTARIES

As expected, using MEC coupled with cyclic coordinate method yields results, a few iterations
(about 1h30) are required to achieve the maximum of the objective function. Cyclic coordinate
is a deterministic method, thus it is appropriate to secure the obtained results. This is done by
using different sets of initial points and to check if the same maximum output power is
obtained. Figure.5.1 (a) and Fig.5.1 (b) show the evolution of the objective function. The
results of the optimal geometrical dimension of the rotor parameters are summarized in Table
5.1 and Table 5.2.

First optimization procedure :

The output power, at idle speed, increases from 0.742 kW to around 1.27 kW which
constitutes 71.15% improvement. The armature current increases from 20.62 A to 35.27 A.
Second optimization procedure:

At idle speed, the maximum output power reaches 1.3KW which constitutes 53.68%
improvement.

Table 5.1.First optimization procedure, base and optimized values of design variables

Optimization parameter Value before Value after
optimization (mm) | optimization (mm)
Air gap length 0.65 0.3
Height of claw tip 4.7 1
Core length 29 25
Width of the base of the claw 24.7 23.13
Width of claw tip 6 4.35
Implicit parameter
Distance between claw 6.6 8.7
Claw pole length 29 25
Claw side plate thickness 11.5 13.5
Core radius 414 42.1
Outer rotor radius 87.3 88

Table 5.2.Second optimization procedure, base and optimized values of design variables

Optimization parameter Value before | Value after | Difference in parameter
optimization | optimization | value (between 1stand
(mm or A) (mm or A) 2nd optimization) (mm)
Air gap length 0.65 0.3 0
Height of claw tip 4.7 1 0
Core length 29 25 0
Width of the base of the claw 24.7 23.94 -0.81
Width of claw tip 6 4.17 0.18
Armature current 29.08 32.09 —
Implicit parameter
Distance between claw 6.6 8.4 0.3
Claw pole length 29 25 0
Claw side plate thickness 11.5 13.5 0
Core radius 414 42.2 0.1
Outer rotor radius 87.3 88 0
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Fig.5.1. Evolution of output power versus number of iteration for the (a) first optimization
procedure. (b) second optimization procedure.

e Impact of the air gap length:

The air gap length can affect the output power considerably. In theory, to maximize the
output power of an alternator, the air gap length should be designed as small as possible. For
a typical alternator, the nominal air gap is approximately 0.4 mm but it can be larger or
smaller. When the air gap is reduced, the output power is substantially improved [1].
However, the air gap of a claw-pole alternator should not be designed too small. When
running at very high speeds, the alternator rotor poles will deflect due to centrifugal
forces and the pole tip will touch the stator. In this investigation, the optimization
process, can give solutions for very small values of the air gap, but the technically feasible
solution selected is the one which corresponds to the air gap lower limit given above. The
air gap flux is increased from 2.627 104 Wb to 3.333 10-4 Wh.

e Impact of the width of the base of the claw and the width of claw tip:

These two parameters, determine the exchange surface between rotor and stator through
the air gap. It is important to recall that, the magnetic radial flux is more concentrated at the
basis of the claw pole than at its extremity. Hence, the radial fluxes increases when the width
of the base of the claw pole increases. However, the leakage fluxes between two adjacent claw
poles, which are the most important leakage fluxes, increase when the width of the base of
claw increases. The optimization process gives the optimal value of these two variables which
lead to the maximum output power. In Table 5.3, one can observe the reduction of the leakage
flux between two adjacent claw poles and leakage flux between claw pole tip and opposite
plate.

e Impact of the height of claw tip:

The leakage fluxes between the claw pole and rotor winding can be affected by this
parameter. To reduce these leakage fluxes, the distance between rotor core and the bottom of
the claw should be designed as far as possible. This explains the fact that the optimal value of
this variable tends to the lower limit given above. Table 5.3 shows the reduction of the leakage
flux between the claw pole and rotor winding.

e Impact of the core length:

The optimization process assigns the lower limit to this variable. However, what is lost in
length will be gained in claw side plate thickness. As a result, the junction who binds the
core to the claw side plate is larger which enables more axial flux to be captured.

Table 5.3. Leakages fluxes before and after optimization

Leakage fluxes Base value Value after optimization
(*10*Wh) (*10*Wh)
between adjacent claw pole fingers 1.1286 0.6855
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between claw pole and rotor 0.04016 0.02449
winding
between claw pole tip and opposite 0.02933 45953 10
plate

6. ALTERNATOR PERFORMANCE AFTER OPTIMIZATION

After optimization process, the output performances of the optimal claw pole alternator are
evaluated. In Fig. 6.1(a) and Fig. 6.1 (b) the armature current and output power, are
respectively plotted versus the rotational speed. It can be seen that, at idle speed of 1800rpm,
optimized rotor design leads a higher armature current and hence to a higher output power.
Figure 6.1 (c) illustrates that only 1A field current is needed to deliver current at idle. In
Fig.6.2, (a) and (b) the maximum output power reaches 1.3 kW at idle speed. It can be observed
that output performances of the optimazed alternator has been improved in the whole speed
range from idle speed of 1800rpm to the cruising speed of 6000rpm. At the cruising speed of

6000 rpm the maximum output power reaches 4.5 kW.
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Fig. 6.1. (a) Stator phase current versus alternator speed. (b) Alternator output power versus alternator speed.
(c) Stator phase voltage versus field current.
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Fig. 6.2. (a) Output power versus Armature current. (b) Output power versus stator phase voltage.

7. CONCLUSION

In this paper, the optimization method based on cyclic coordinate method coupled with
magnetic equivalent circuit (MEC) model, has been applied successfully for the design of rotor
claw pole alternator. The main objective was to maximize the alternator output power for given
stator dimensions and footprint at the idle speed of 1800rpm.

The output power increased significantly at idle speed, it was demonstrated that output
power and armature current of the optimized claw-pole alternator increased from 0.742 kW to
1.27 KW and from 20.62 A to 35.27A, which constitute 71.15% and 71.04% improvement,
respectively. This is predominantly due to change in reluctance of geometric parameters,
consequently affecting the flux throughout the alternator.

At idle, the maximum output power delivered from the optimized alternator achieved 1.3
kW which constitutes 53.68% improvement.

The obtained results indicate significant performance improvement of the optimized
alternator over the whole speed range (1800 rpm to 6000 rpm), whereas the geometry
optimization process has been fully concentrated at the idle speed. At high speed of 6000 rpm,
the maximum available output power increased from 2.9 kW to 4.5 kW, a 50.90%
improvement

Future investigation would consider the use of the MEC model in the design
optimization of various generators taking advantage of the claw-pole structure in
harvesting energy systems.
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