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Figure 1. A “ smart ” MEMS gyroscope would include self-
calibration capabilities built on-chip for detection and compen-
sation of deterministic perturbations.

��� 2������� ���������
��� 3������
��� ����� �� � ����
������ ���� �
�������
� �����	��� ����������� �
 �4�����
�� � ��
�	� ���� ����� ����	����� �������	���
� ����� �
������ ������	� 	�
���� 	���� 
�� �� ���� -5.�

��� �
�� �����
���
� �� ���
� � ������ ������	� 	�
����
������ ���� �
���� ��� 
�	����� � ��� 	����� ���� ����
	����
� �� ��� �������
�����
 �� � ���� ����� ��	����	�
���� ���� �����$�� ���� ����������� �
� ������	� 	�
����
67����� %8� 9 �����	��� ���
� ���� ��	����	���� �����
�� �����	���� ���� �����	���������
 	����������� ���� �
�
���� ��� ��
�	� �� ���
 ������� ��
 ������ 	����	����
����	� ��	 � �� ���(
��� �
� �����
� �����$�
� �
 �
�
	��� ��������� ���������� ���� ����� �����	��������
� 	��
����������� ��� ��
�	� 	�
 ���
 ��������	����� �������	�
���
� �
� 	����
���� ��� ���� ���� ��� �����������
������
 �� ��� 	�
 ���� ��	����	���� 6����� ���	��������	
! ������
� "8� ��� ����������� 	�
���� ����� ���� �

�
���
 ���� ��� ������	� 	�
���� ���� 	����
����� ���
����� �����������
� �����
� ����
� ��� 
����� ��������

�� ��� ��
�	��

GYROSCOPE DYNAMICS
��� ������� ��� �����	��� -:. 	�
����� �� � �����������
���� ���� ������
��� �������� ����� ���	������ �
���� ��

�
 ���������� ��� ���� ��� ���	��������	 ���
� �
� ��
��

1089



Drive Axes

Sense Axes

 

 

Proof Mass

Drive/Sense
Electrodes

Supporting
Frame

Anchor
Drive/Sense
Electrodes

Suspension

Figure 2. The studied rate integrating gyroscope [5] consists
of a freely vibrating proof mass attached to a concentric six
ring suspension. Stationary electrodes interwoven throughout
the mass sustain motion and allow measurement of the Coriolis
induced precession angle. The precession angle is proportional
to the angle of rotation of the device.
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Figure 3. (a) The gyroscope is modeled as a two degree of
freedom lumped mass-spring system. ��	 
	 �� is the inertial
coordinate system and ��	 �	 �� is the coordinate system at-
tached to the rotating platform. (b) In the presence of an input
angular rotation, the line of oscillation would be observed to
precess by an angle � with respect to the rotating coordinate
system.
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Figure 4. In the ideal gyroscope, the principal axes of elasticity
have equal stiffness (��) and coincide with the x-y coordinate
system. In the presence of imperfections, there is a mismatch in
the principal stiffness values, /
 @ 6�� ���8 and an angular
mismatch of the principal axes from the x-y coordinate system
by an angle �.
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Figure 5. (a) A prototype surface machined rate integrating
gyroscope was fabricated using JDS Uniphase’s MUMPS pro-
cess. (b) In the prototype gyroscope, the stiffness along the
four axes is estimated by observing the natural frequency along
each direction and knowing the ideal mass of the system. The
plot of stiffness magnitude along the four directions shows large
mismatches between the principal axis stiffnesses �� and ��

(�����

�����

@ A/') and coupling (rotation of the stiffness axes by
angle � @ 5:).
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Figure 6. We use the inherent non-linearity of the parallel plate
actuators along the x and y directions in order to tune out the
non-ideal stiffness elements.
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Figure 7. (a) In the absence of imperfections, the line of oscillation precesses normally by angle � in the presence of an input angular
rotation. (b) Large anisoelasticities due to fabrication imperfections interfere with the ideal operation of the device, eliminating the
precession. (c) The feedback control used to compensate for these large imperfections also interferes with the precession pattern,
reducing the precession angle from the ideal angle � to �. (d) By using a feedforward control, large structural anisoelasticities can
be eliminated while maintaining the ideal precession of the device. (e) While the feedforward control can compensate for constant
structural imperfections, it is invariant to small perturbation that arise during normal operation of the device (e.g., due to thermal
fluctuations), which disrupt the line of oscillation. (f) A dual-stage feedforward/feedback architecture can compensate for both
structural imperfections and small perturbations without interfering with the precession.
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