
  
i) Introduction and aim of the study 
     In the steady operation of future fusion plasma device,
some mirrors will be installed inside of the reactor in order 
to reflect laser beam which is used for “Interferometer / 
Polarimeter”, “Thomson scattering measurement” or 
“spectroscopy”. The surfaces of the mirrors are often subject 
to wear by plasma and covered by deposition substance. As 
a result, reflection rates of the mirrors might be deteriorated 
and mirrors should be replaced with new one on a regular 
schedule. However, in the practical point of view, it is 
inefficient to stop the operation of fusion reactor for the 
sake of mirror replacement. Therefore, the future goal of our 
study is to develop a mirror replacement system which does 
not require stop of operation of fusion reactor. In order to 
achieve the future goal, in this study, it is necessary to 
extract essential problems for development of a mechanical 
system which can drive precisely in the special 
circumstances of the inside of fusion reactor, i.e. “high 
radiation”, “wide range of temperature change”, “high 
vacuum” and “intense magnetic field”. Furthermore, it is 
important to develop a prototype of the mirror replacement 
system which resolves the extracted problems.  
  
ii) Countermeasure against special circumstances 
     At first, the wide range of temperature causes thermal 
deformation and such a deformation leads to configuration 
error of mechanical system. Especially, the system in the 
study has mirror for laser beam reflection which is sensitive 
to configuration error. However, it is difficult to implement 
thermal control system because of its size and complexity. 
Hence, compensation mechanism for thermal deformation is 
installed in the proposed system, and it can also absorb the 
error due to mechanical backlash. Next, high vacuum have 
an influence on the lubrication of the mechanical drive 
system1). However, solid lubrication and kind of coating 
technologies, e.g. DLC coating, can reduce such an 
influence and, are applied to the proposed system. Next, 
intense magnetic field causes stress on ferromagnetic 
material which is generally key material for actuators, and 
leads to mechanical deformation of the system and 
consequently imprecise behavior of the system. In order to 
avoid the influence of intense magnetic field, the proposed 
system piezoelectric based actuator which does not need 
ferromagnetic material. Finally, it is reported that plastic 
part is decayed by radiation. However, such materials are 
used for harness etc. and various technologies are existing, 
and those are utilized in this study. Furthermore, radiation 
has influences on sensors which are made from transistor. 
The measurements of displacement are required in the study, 
and load cell based technology with piezoelectric is going to 
be employed in the study.     

iii) Proposed system 
     Fig. 1 shows the proposed system which employs 
aforementioned countermeasure against special 
circumstances. In the system, validation of mechanical 
feasibility is focused on and actuators used in the system are 
not special one for simplicity. 

Fig. 1. Proposed system 

As Fig.1 shows, mirror is mounted on the mirror connected 
to the actuator for mirror revolution, which enables the 
mirror to rotate around shaft of the actuator. Whole system 
is covered by chassis which has the apertural area. Area of 
the mirror under the apertural area is used for reflection of 
the laser beam. That is other area of mirror is protected from 
wear by plasm and deposit materials. In general, mechanical 
system has backlash and thermal deformation described 
above, the system absorb such a unexpected factor in order 
to achieve precise movement. In the system, attitude support 
1 and 2 which can be moved vertically by actuator, adjust 
the tilt of the mirror. Furthermore, in order to give two 
degrees of freedom according to two tilt angle of the mirror, 
axis attached to mirror base include flexible coupling which 
give more reliability than the general mechanical joint for 
giving degree of freedom. In order to satisfy absorb the 
unexpected tilt angle of the mirror, appropriate stiffness of 
the flexible coupling should be designed for estimated worst 
title angle  and given actuator force . Supposing 
flexible coupling is uniform circle shape beam, diameter of 
the beam d is given as 
  

4 /128 EDLd  (2) 

where E is young’s modulus of the uniform beam and other 
parameters are given in Fig.1. The stiffness of the coupling 
is set to the same value of the uniform beam with the 
diameter derived by Eq. (1).  

1) Wertz J. R., Larson W. J.: Space Mission Analysis and 
Design (1999)

Quaternion, four-dimensional hyper-complex num-
ber, is good at dealing with description of three-
dimensional rotation as seen in three-dimensional game
graphics programming theory1). Now, instead of trans-
forming three-phase AC to two dimension, to repre-
sent three-phase AC in three dimension, let’s introduce
quaternion, which is extended from a complex number2).

q = a+ ivx + jvy + kvz = a+ v (1){
i2 = j2 = k2 = −1

ij = −ji = k, jk = −kj = i, ki = −ik = j
(2)

Let’s assign three-phase AC phase (line-to-neutral)
voltages to vector part of quaternion.

v =
√
2V {+i cosωt+ j cos(ωt− 2π/3)

+ k cos(ωt− 4π/3) = ϵ+n̂ωt/2
√
2V V0ϵ

−n̂ωt/2 (3){
n̂ = (+i+ j + k)/

√
3

V0 = {+i+ j cos(−2π/3) + k cos(−4π/3)}
(4)

Namely, it represents that the initial three-phase (posi-
tive phase) AC voltage vector V0 rotates in counter clock-
wise with an axis of unit vector n̂.

In order to manipulate the three-phase AC simi-
larly as complex vector (phasor) of single-phase AC and
symmetrical coordinate method of three-phase AC, let’s
introduce biquaternion.

h2 = −1, ih = hi, jh = hj, kh = hk (5)

Namely, we add a complex number h to the quaternion,
which is exchangible with quaternion and independent
from quaternion. And we assign complex vector rep-
resentation and the exponential representation of each
phase to the complex number h.

v =
√
2V {+iϵh(ωt+ϕ) + jϵh(ωt+ϕ−2π/3) + kϵh(ωt+ϕ−4π/3)}

= ϵ+n̂ωt/2
√
2V Vϕϵ

−n̂ωt/2

= {R+ p(L−M)}ϵ+n̂ωt/2
√
2II0ϵ

−n̂ωt/2 (6)

Vϕ = {+iϵhϕ + jϵh(ϕ−2π/3) + kϵh(ϕ−4π/3)} (7)

Namely, let’s combine the effective value and initial bi-
quaternion into biquaternion, and we can obtain the
same representation as the complex vector representa-
tion of single-phase AC. And we have only to use unit
pure quaternion n̂ instead of imaginary number j.

In complex number equation v = Cu, we can calcu-
late the transformation C = v/u by dividing the number
v by the number u. Similarly in switching equation for

matrix converter, we can express the three-phase input
and output voltages by using quaternion.

ε+nωotVo = Qε+nωitVi (8)

In this case, the switching quaternion Q is calculated as
follows.

Q = ε+nωotVo(Vi)
−1ε−nωit

= rϵ+n(ωo−ωi)t (9)

Here, r is the voltage transfer ratio. The above quater-
nion equation is re-expressed by vector equation with
switching matrix.

ε+nωotVo = rε+n(ωo−ωi)tε+nωitVi (10)

V0



cos(ω0t− 0π/3)
cos(ω0t− 2π/3)
cos(ω0t− 4π/3)




=




r cosωmt −r/
√
3 sinωmt +r/

√
3 sinωmt

+r/
√
3 sinωmt r cosωmt −r/

√
3 sinωmt

−r/
√
3 sinωmt +r/

√
3 sinωmt r cosωmt




Vi



cos(ωit− 0π/3)
cos(ωit− 2π/3)
cos(ωit− 4π/3)


 (11)

ωm = ωo − ωi (12)

For all components to be larger than 0 and smaller than
1, we have only to multiply 1/2 and add 1/2. But that’s
too bad, the summation of three elements in each row is
not constant and cannot be made unity by any means as
far as we consider in phase voltage.

By considering the line-to-line voltage, we can de-
duce original Venturini method.

V0



cos(ω0t− 0π/3)
cos(ω0t− 2π/3)
cos(ω0t− 4π/3)


 =




0 +1 −1
−1 0 +1
+1 −1 0


 · [rhs of eq.(11)]

=
2r√
3



sinωmt sin(ωmt+ 2π/3) sin(ωmt+ 4π/3)
sin(ωmt− 2π/3) sinωmt sin(ωmt+ 2π/3)
sin(ωmt− 4π/3) sin(ωmt− 2π/3) sinωmt




Vi



cos(ωit− 0π/3)
cos(ωit− 2π/3)
cos(ωit− 4π/3)


 (13)

Concerning improved Venturini method, third higher
harmonics of desired output phase voltage and input
phase voltage can be added, since the harmonics con-
stitute zero space about the transformation from phase
voltage to line-to-line voltage. The quaternion character-
istics will be utilized to analyze matrix converter based
on improved Venturini method and space vector method
in more detail.

1) E. Lengyel, ”Mathematics for 3D Game Programming
& Computer Graphics” 2nd ed., Charles River Media,
Inc., 2004.

2) J. H. Conway, D. Smith, ”On Quaternions and Octo-
nions: Their Geometry, Arithmetic, and Symmetry”,
A. K. Perters, Ltd., 2003.
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