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a b s t r a c t

In this paper, we design a compact H∞ robust rebalance loop controller that is featured with com-
prehensive performance achievement and relatively easy practical implementation for a dual-axis mi-
cromachined rotational gyro. By incorporating the bilinear pole-shifting transform into the weighted
multivariable mixed-sensitivity framework, the design procedure of the robust controller is able to allow
for various realistic performance requirements in terms of steady-state error, dynamic response charac-
teristics, disturbance rejection and robustness to parametric variations. In comparison with a conven-
tional decentralized lead–lag controller, the H∞ robust controller, which is considered as an efficient
substitute for the former, is thoroughly analyzed and simulationally validated under a set of realistic
scenarios.

© 2009 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A rotational microelectromechanical system (MEMS) gyro usu-
ally consists of a spinning suspended rotor in a vacuum cavity and
several sets of electrodes that are symmetrically arranged on the
inner surface of the cavity. As a sensing element, the rotor is elec-
trostatically suspended in its null position by means of multi-axis
closed-loop control systems, and spins at a preselected speed on
the principle of a variable capacitance micromotor [1–4]. In this
way, the rotationalMEMS gyro can eliminate undesirablemechan-
ical friction and achieve higher sensitivity in comparison with a
vibratory MEMS gyro [5]. Furthermore, the rotational MEMS gyro
can simultaneously detect dual-axis angular rate inputs that are or-
thogonal to the spinning axiswith potential high resolution. There-
fore, gyros of this kind have important prospective applications
such as Micro Aerial Vehicles (MAVs), advanced automotive safety
systems and microrobotics.
Such a gyro is designed and fabricated by our research group,

and a slanting exploded view of its schematic structure is shown in
Fig. 1(a), and a chip (fixed on a printed circuit board) photograph is
depicted in Fig. 1(b). Briefly, it is a vertical sandwich structure and
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has two stator layers with identical patterns. The radial suspen-
sion electrodes are responsible for rotor translation control along
the in-plane axes, and the axial suspension electrodes serve to con-
trol the rotor’s out-of-plane translation and tilts about the in-plane
axes. Spinning torques for the suspended rotor are generated from
active capacitances between the rotation electrodes and the rotor
poles. The main geometrical parameters of the gyro are listed in
Table 1 [6].
For the rotational MEMS gyro applied for a strapdown system,

a dual-axial rebalance loop is of importance in determining its dy-
namic range, sensitivity and accuracy. The rebalance loop ismainly
composed of capacitive sensing electronics, a controller and elec-
trostatic torquers. When external angular rates about the in-plane
axes are applied to a moving vehicle where the gyro case is at-
tached, tilt angles appear between the rotor spinning axis and the
gyro case. The tilt angles are detected promptly by the capacitive
sensing electronics and then nulled quickly by the electrostatic
torquers which rebalance the rotor back to its null position. This
dual-axis tilting-rebalance process is dictated essentially by the
controller, which plays a substantial role in the whole rebalance
loop and is also the subject of this work.
The tilting-rebalance process is largely similar to a coupled two-

input–two-output (TITO) industrial process, forwhich various con-
trollers have been designed by many works [7–10]. Unfortunately,
most of them are decentralized designs with classical single-
input–single-output (SISO) control theory and cannot provide ad-
equate design freedom and effective robust synthesis and analysis
methods that are particularly required in this case [11]. Although
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Fig. 1(a). Slanting exploded view of the gyro.

Fig. 1(b). A gyro chip fixed on a printed circuit board.

there are also some state-space or intelligence-control based de-
signs that may be applicable, considerable design efforts are nec-
essarily required and from an engineering viewpoint, practical
implementations of these designs are rather complicated [12,13].
In this paper, a compact TITO H∞ robust controller is de-

signed straightforwardly, which is expected to not only satisfy
comprehensive performance requirements of the rebalance loop,
but also to be implemented plainly in engineering practice. The
outline for the design and verification procedures is as follows.
First, in Section 2, a dynamic decoupler matrix is applied to the
TITO coupled gyro dynamic model. This decoupler matrix can (1)
achieve nominal-case decoupling, (2) define partly steady-state
performance requirement, and (3) facilitate the design of the H∞
robust controller and reduce its potential order. Next, an H∞
mixed-sensitivity design framework is constructed to handle var-
ious specific performance requirements, and a bilinear pole-
shifting transform technique is appropriately employed to deal
with the ill-conditionness of the decoupled plant. This mixed-
sensitivity design is detailed in Section 3. For the synthesized H∞
robust controller, Section 4 presents thorough frequency-domain
analyses and time-domain simulation results under a set of realis-
tic conditions. Finally, Section 5 concludes the paper.

2. Gyro dynamic model and decoupler matrix

2.1. Gyro dynamic model

The dynamic model of the gyro is first introduced as a basis for
the following design. In Fig. 2, two main coordinate frames are de-
fined. The OXcYcZc is the gyro case frame, and the Oxyz is the rotor-
referenced frame without spinning, in which the suspended rotor

Fig. 2. Orientation of the rotor-referenced frameOxyz and gyro case frameOXcYcZc .

Table 1
Main geometrical parameters of the rotational MEMS gyro.

Geometry parameter Value (unit)

Rotor thickness 200 (µm)
Inner size of rotor 731 (µm)
Outer size of rotor 2000 (µm)
Normal radial gap 8 (µm)
Normal axial gap 4 (µm)
Rotor mass 1.537× 10−5 (kg)
Rotor moment of inertia (about an in-plane axis) 1.76× 10−11 (kg m2)

spins around the Oz axis. These two frames coincide with each
other if the gyro case is static in the initial space. When external
angular rate inputs θ̇x and θ̇y (with respect to the static inertial
space) are applied to themoving vehicle, the instantaneous tilt an-
gles of the rotorµx andµywith respect to the gyro case occur. Note
that instantaneous tilt angles of the rotor with respect to the static
inertial space areβx = θx−µx andβy = θy−µy, which are omitted
in Fig. 2 for clarity.
The tilt anglesµx andµy are limited to less than 3×10−3 rad by

the narrow gaps in the gyro cavity, and then a linearized dynamic
model of the gyro can be reasonably derived as [6]

Jµ̈x + Hµ̇y = Mx +Mdx − J θ̈x − H θ̇y
Jµ̈y − Hµ̇x = My +Mdy − J θ̈y + H θ̇x

(1)

where, J is the rotor moment of inertia along the in-plane Ox or Oy
axis, H represents the Oz axis angular moment of the rotor. µ̈x and
µ̇x are respectively the second-order and first-order derivatives of
µx with respect to time, and the same denotations hold true for
µy, θx and θy. The Mx and My are electrostatic precession torques,
andMdx andMdy represent small disturbance torques. Note that in
Eq. (1), the viscous damping effect is neglected since the vacuum
in the gyro cavity is on the order of 10−3 Torr and the mean free
path of molecule is significantly larger than the length of the axial
or radial cavity gap.
By utilizing the equation H = 2JΩ withΩ representing a pre-

selected spinning speed of the rotor, Eq. (1) can be simplified into
Eq. (2) by means of the Laplace transform. Note that the small dis-
turbance torquesMdx andMdy are reasonably neglected.[
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