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The design of an air compressor-driving quadratic linear actuator in a fuel cell BOP system is studied using
orthogonal techniques. The approach utilizes an orthogonal array for design of ‘experiments’, i.e. the scheme
for numerical simulations using a finite element method. Eco-friendly energy is increasingly important due to
the depletion of fossil fuels and environmental pollution. Among the new energy sources, fuel cell is spotlighted
as renewable energy because it produces few dusts. The air compressor performance is directly related to the
efficiency of the fuel cell BOP system has high power consumption. In this paper, an optimized technique using
an orthogonal matrix is applied to the design problem to improve the performance of quadratic linear actuator.
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1. Introduction

The energy industry has been moving toward eco-friendly
energy alternatives because of global warming and limited
coal resources. Consequently, solar power, wind power,
and fuel cell have been researched extensively as alter-
native new energy sources. Among these new energy sources,
the fuel cell is spotlighted renewable energy. A fuel cell
has many advantages: low amounts of dust particles NOx
and SOy, and lower CO, production than that by thermal
power generation. Generally, a fuel cell system is com-
prised of a stack and Balance of Plant (BOP).

The compressor in an air blower is a core component of
the BOP system, because it requires the largest power
consumption. Reciprocating and rotary type driving
systems have been established for the air blower com-
pressor. Compared to a rotary type compressor, a linear
compressor and a reciprocating compressor particularly
have high compressor efficiency because they do not need
a motion conversion mechanism and sideways thrust. To
make a linear actuator, a number of design factors such as
the magnet size, coil turn and yoke size must be con-
sidered by time-consuming experiments. Orthogonal arrays
are utilized to solve formulated problems. A number of
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standard orthogonal arrays have been constructed to
facilitate experimental design. Each of these arrays can be
used to design experiments to suit various experimental
situations. This method can significantly decrease the
number of function evaluations [1, 2].

To analyze the performance of an electromagnetic linear
actuator, a simulation is performed by FEM. FEM (finite
element method) is the most effective program for inter-
preting linear actuator performance. In addition, experi-
mental results are verified by ANOVA (analysis of variance).
ANOVA is a statistical data treatment used to sort the
relative influences of factors in the results. ANOVA stati-
stics are needed for determining the confidence limits
[3, 4]. This paper aims to design the optimal air compre-
ssor-driving linear actuator using the orthogonal matrix.

2. Orthogonal Array Matrix

Fig. 1 shows the schematic diagram of a quadratic elec-
tromagnetic linear actuator with two pairs of permanent
magnets which provide the elevated magnetic field den-
sity [5]. As shown in Fig. 1, a linear actuator consists of a
coil, coil housing, piston, yoke and magnet. The coil with
coil housing is actuated by the oscillating current and the
compressor-driving actuator is driven by Lorentz force, as
shown as Fig. 2.

For the optimal design of the quadratic linear actuator,
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Fig. 1. Schematic diagram of compressor-driving quadratic
electromagnetic linear actuator.
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Fig. 2. Principle of operation (a) at the upper position (b) at
lower position.

control factors affecting the Lorentz force are determined
because the Lorentz force has the controlling force of the
linear actuator. Fig. 3 shows the control factors: the inner
magnet (A), the height of upper yoke (B), the thickness of
outer magnet (C) and the thickness of lower yoke (D).
The levels of control factors and signal factors are shown
respectively in Table 1. The initial actuator design values
are designated as A,, By, C; and D,. The full size of the
linear actuator and air gap is fixed. The number of coil
turn is 250. The constraint of each factor is given in

Air gap = Imm

200y

(D)

150mm

Fig. 3. Control factors of Orthogonal array matrix
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Table 1. Control factors and signal factors.

Indication Name 1Level 2Level 3Level
A Thickness of 12.5 15 17.5
inner magnet  mm mm mm
B Height of 6.75 8.5 10.25
Control upper yoke mm mm mm
Factor Thickness of  11.25 12.5 13.75
¢ outer magnet mm mm mm
D Thickness of  15.75 21.5 27.25
lower yoke mm mm mm
Signal M Current 35A
factor

Table 2. Constraint factor.

Indication Constraints
A 10 mm ~ 20 mm
Control B 5mm~ 12 mm
factor C 10 mm ~ 15 mm
D 10 mm ~ 33 mm
Table 2.

In this paper, the Lo(3,4) orthogonal array was con-
structed to derive the optimal condition by 9 experiments.
The orthogonal arrays consist of factors with 3 levels and
experiments are performed nine times by FEM as shown
Table 3. The force of the linear actuator is analyzed by
simulation with a commercial electromagnetic analysis
software program “MAXWELL”. Fig. 4 shows the mag-
netic density of the linear actuator and Fig. 5 shows the
magnetic flux line of the linear actuator.

The experimental force for each case was obtained by
FEM. As a result, the main effects for the means of each
level are as shown in Fig. 6.

From Fig. 6, the factors B and C do not affect the
performance greatly. The mean of factor A was chosen as
level 3, that of the factor B as level 3, that of factor C as
level 3 and that of factor D as level 3 from the main
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Fig. 4. Magnetic flux density of linear actuator.
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Fig. 5. Flux line of linear actuator.
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Table 4. Configuration of second orthogonal array matrix.

Indication Name 1Level 2Level 3Level

A Thickness of 17.5 18.75 20
inner magnet mm mm mm

Height of 10.25 11.12 12

Control upper yoke mm mm mm
Factor C Thickness of  13.75 14.37 15
outer magnet mm mm mm

D Thickness of  27.25 30.12 33

lower yoke mm mm mm

?ignal M Current 35A
actor

Table 5. Second FEM simulation results by experiment num-
ber

Inner array Outer array
Table 3. FEM simulation results of each numbers experiment. A B C D 35A
Inner array Outer array 1 1 1 1 1 74474 N
A B C D 35A 2 1 2 2 2 7655.5N
1 1 1 1 1 5630.6 N 3 1 3 3 3 7849.7N
2 1 2 2 2 65373 N ‘5‘ ; ; § ? Zgg'g E
3 1 3 3 3 7064.8 N 6 5 3 ) N 7796'5N
;‘ ; ; § ? Zg;? E 7 3 1 3 2 7583.5N
p 5 3 | 5 6944'8 N 8 3 2 1 3 7859.7N
’ 9 3 3 2 1 76183 N
7 3 1 3 2 6985.5 N
8 3 2 1 3 7381.1N .
9 3 3 5 1 6360.9N From Fig. 7, the factors A and C do not affect the

effects plot, so the optimal design is A3;B;C;Ds;. However,
it is not still the maximum value in the constraint range.
The maximum performance of the actuator, therefore,
needs to be redesigned. The configuration of the second
orthogonal array matrix is given in Table 4. Table 5
shows the results of the second FEM simulation by each
number of the experiment. From the FEM result, the main
effects plot for the mean of each level is shown in Fig. 7.

Main Effects Plot (data means) for Means
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Fig. 6. Main effects plot for means of each level.

performance greatly. The mean of factor A is chosen as
level 2, that of factor B as level 3, that of factor C as level
1 and that of factor D as level 3 from the main effects
plot. The optimal design is A,B;C;Ds. The factor A, the
factor B and the factor D are the maximum value in the
constraint range, but the factor C is not still the maximum
value. The actuator, therefore, needs to be redesigned by
the factor C with other factors fixed. The configuration of
the third orthogonal array matrix is given in Table 6.
Table 7 shows the results of the third FEM simulation by

Main Effects Plot (data means) for Means
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Fig. 7. Main effects plot for means.
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Table 6. Configuration of third orthogonal array matrix.
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Table 9. Force at initial condition and optimal condition.

Indication Name 1Level 2Level 3Level Initial condition ~ Optimal condition  Distinction
A Thickness of 18.75 Force (35A) 6407.8 N 8116.3 N 1708.5 N
inner magnet mm
B Height of 12
%On;ml Tu}?pir yOkef " lnlm;S s chosen have the mean of level 1 based on the experi-
actor ICKNESS O . : . :
C outer magnet  mm o mm mental results. The last optlr.ngl‘ de51gn' is A,B;CDs.
b Thickness of 33 Tab%e 9 show§ .the force at the initial condition and at the
lower yoke mm Optimal condition.
?ignal M Current 35A
actor

Table 7. third FEM simulation results by experiment number.

Inner array Outer array
A B C D 35A
1 2 3 1 3 81163 N
2 2 3 2 2 8040.4 N
3 2 3 3 3 79444 N

each number of the experiment. Using ANOVA, the results
of the second orthogonal experiments were verified as
shown in Table 7.

The factor C was chosen as the level 1 in Table 1. The
optimal design is A,B;C;D; which satisfies the maximum
value in the constraint range. Using ANOVA, the results
of the orthogonal experiments were verified as shown in
Table 8.

In Table 8, DF means the detgree of freedom; Seq
means the sequential sums of squares; Adj SS means the
adjusted sums of squares; and Adj MS means the adjusted
mean squares. In the statistical significance testing, the p-
value is the probability of obtaining a test statistic at least
as extreme as the one that was actually observed. There-
fore, the factor B has 91.8% reliability, factor C has
59.5% reliability and factor D has 97.8% reliability. The
small sums of the squares of factor A is the error factor in
ANOVA because the orthogonal arrays matrix does not
have sufficient number of experiments. The probabilities
of factors B and D are satisfied, but the probability of
factor C was not satisfied. Therefore, factors B and D
were chosen to have the mean of level 3. Factor C was

Table 8. ANOVA of second orthogonal experimental results.

Source DF SeqSS  AdjSS AdjMS F P
B 2 35288 35288 17644 1120 0.082
C 2 4440 4440 2220 141 0415
D 2 137329 137329 68664  43.60 0.022
Error 2 3149 3149 1575
total 8 180205

3. Conclusion

This paper describes the optimal design of an air com-
pressor-driving quadratic linear actuator in a fuel cell
BOP system using the orthogonal arrays matrix. In the
optimal design, the magnetic performance of the linear
actuator was improved from that of the linear actuator at
the initial condition. All the experiments were carried out
at the constraint condition. The number of experiments
reduced with the use of the orthogonal array matrix to a
total of 21. In addition, the orthogonal array matrix is
expected to reduce production costs. The trend of each
factor can be predicted by the main effect plot for the
means of optimal condition. In the future, the additional
research with verified results should be done to evaluate
the feasibility of using an air compressor driving linear
actuator for the air blower.
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