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Abstract—This paper describes the design of the control loops in
a z-axis, MEMS vibrational gyroscope operating in a vacuum en-
closure. In this device, a silicon mass is driven through electrostatic
actuator so that it has a sinusoidal linear motion, with a controlled
speed. The design of a suitable controller, capable of maintaining
the required speed and with prescribed restoring capabilities after
shocks is briefly described in the paper. Attached to the driving
mass, a second mass, free to move in the direction orthogonal to
the motion of the first mass, is subjected to a Coriolis force, pro-
portional to the product of the first mass speed by z-axis rotational
speed. The sensing of the Coriolis force and, in turn, of the z-axis
rotational speed, is performed in closed loop fashion, with a 1-bit
quantized actuation. The restoring force that brings the motion of
the second mass to zero is equivalent to the output bit stream of
a band-pass sigma-delta converter and contains the information
of the Coriolis force. The design of this second control loop and
a detailed analysis on the signal-to-noise ratio achievable with the
proposed design is reported.

Index Terms—AGC design, electromechanical ∆Σ modulator,
MEMS gyroscope.

I. INTRODUCTION

M ICROMACHINED gyroscopes find application in sev-
eral fields, including automotive (e.g., in active stability

control systems), consumer electronics (e.g., in image stabiliz-
ers of camcorders) and inertial navigation [1], [2]. Among the
possible solutions for the realization of a MEMS gyroscope,
the vibrational gyroscope has the advantage to be obtained by
surface micromaching of a silicon substrate. In its simplest im-
plementation, shown in Fig. 1, the device is realized by a single
mass, suspended over a substrate by silicon springs and free to
move along a plane which is parallel to the substrate. Electro-
static actuators are used to force the motion of the mass along
one direction (drive axis). When the sensor rotates around an
axis orthogonal to the die plane (z-axis), the proof mass experi-
ences the Coriolis force F, according to the following equation:

F(t) = −2mΩz(t) × ẋ(t) (1)

where m is the proof mass, Ωz is the angular velocity around
the z-axis, ẋ is the proof mass velocity along drive axis, and
“×” denotes the vector product. Since drive, sense and rota-
tional axes are orthogonal, the Coriolis acceleration is given
by a(t) = −2Ωz (t)ẋ(t) and it acts along sense axis. In actual
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Fig. 1. Simplified z-axis vibrational gyroscope.

implementations, ẋ(t) is a fixed frequency sinusoid, then a(t)
is a dual sideband (DSB) modulated signal, where Ωz (t) is the
information bearing signal and ẋ(t) is the carrier. Ωz (t) can be
retrieved by sensing the Coriolis acceleration and demodulat-
ing it with a sinusoidal carrier which is locked in phase with
ẋ(t) (synchronous demodulation). It is worth noticing that the
sensitivity of the sensor depends on amplitude of ẋ.

Many researchers have approached the realization of MEMS
gyroscopes and a few commercial devices are already available
on the market. However, the devices realized are characterized
by a limited performance, this mainly due to the limitations in
both the mechanical part of the device and on-board compu-
tational power. The first generation of vibrational gyroscopes
were essentially open loop devices, with an external oscilla-
tor driving the oscillating mass. Such devices suffered of a large
performance drift, this due essentially to the uncontrolled ampli-
tude of the oscillations, which usually varies with temperature.
The same problem occurred at the sensing side of the device,
since the effect of Coriolis force on displacement is weighted by
the ratio between stiffness of suspending springs and suspended
mass and the stiffness usually varies with the temperature. To
alleviate this problem, some device incorporates a temperature
sensor, but the effectiveness of this approach is rather limited.
In order to achieve a better performance, some researcher pro-
posed the use of control loops at both mass driving and sensing,
in addition to other adaptation loop in charge of compensating
for fabrication imperfections, obtaining interesting results. In
particular, the velocity of the driving mass has to oscillate with
controlled amplitude and frequency, so that the scale factor of
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Fig. 2. STMicroelectronics, z-axis vibrational gyroscope considered in the
paper. (1), (1’) Proof masses; (2), (2’) drive masses; (3) folded beams; (4), (5)
electrodes for actuating/sensing.

the sensor is kept constant and a synchronous demodulation
can be performed at the sensing stage. The sensing interface
must be designed to improve the linearity of the sensor and to
increase the signal-to-noise ratio (SNR). The two problems of
controlling the motion of the proof mass and estimating the ac-
tual angular rate are faced in [3] and [4] using adaptive control
techniques. However, this approach yields control laws which
are not feasible using limited hardware resources (i.e., on-chip
digital signal processors or microcontrollers). We present here
a micromachined z-axis vibratory gyroscope, recently devel-
oped by STMicroelectronics. This device is shown in Fig. 2
and, unlike other standard vibrational gyroscopes, it operates in
vacuum, in order to achieve the least power consumption. We
want to solve the aforementioned control problems by consid-
ering the restrictions imposed by the hardware, which consist
in using the switching capacitor (SC) technology and avoiding
external quartz or external clock signals. For this purpose, we
developed design procedures for the control loops at both the
driving and sensing side of the device, with particular care in
selecting control strategies that would be easy to implement on
a simplified circuitry, e.g., by using standard SC blocks.

The paper is organized as follows. Section II describes the
device developed by STMicroelectronics. Section III presents
the design procedure adopted for the control loop of the drive
side of the sensor, while Section IV describes the control loop
at the sensing side, which has been implemented in fashion
of band-pass ∆Σ modulator. Final remarks are reported in
Section V.

II. MEMS GYROSCOPE

The vibrational gyroscope developed by STMicroelectronics
is a symmetric two-mass system, as shown in Fig. 2. Here, a
first mass (drive mass) carries a second mass (proof mass) on
it. The driving mass is driven into controlled oscillations along
a direction (drive axis) and it drags the proof mass in the same
direction. The proof mass can move freely on the driving mass,
along a direction (sense axis), which is orthogonal to the drive
axis. The proof mass has therefore a constrained movement

TABLE I
MECHANICAL DYNAMICS DATA FOR THE DRIVE AND SENSE PARTS

TABLE II
POLE–ZERO LOCATIONS OF THE DESIGNED H(Z)

along drive axis and a free movement along the sense axis: as a
whole, the movement of proof mass lies on a plane.

In the device we consider, the driving mass is electrostatically
actuated using comb fingers electrodes, which act as a linear
force transducer. Separated electrodes are employed to measure
the motion of driving mass along drive axis. These electrodes
are sensed by a transresitance amplifier, whose output is pro-
portional to the velocity of the driving mass: so, a closed loop
control on ẋ can be easily implemented, as it will be explained
in the next section. The mechanical characteristics of the device
considered are reported in Table I. Note that high Q-factors can
be achieved since the microsystem works in a vacuum-sealed
package.

III. DRIVING LOOP

The control problem at the drive side of the sensor is to sus-
tain oscillations of ẋ, with constant peak value. Several solutions
have been proposed in the literature. The conventional solution
consists of pursuing a standard analog oscillator design, where a
resonant element is inserted in a positive feedback loop [5], [6].
In this case, the resonant element is the microelectromechanical
system of driving part. The resonant behavior is given by the me-
chanical dynamics of the driving mass, which is fundamentally
the dynamics of a second order resonant system. Therefore, the
transfer function between the force applied to the driving mass
and the velocity measured by the electronic interface can be
expressed as

P (s) =
1
m

s

s2 + ωx
Q s + ω2

x

(2)

where ωn = 2πfdrive. The values of m, fdrive, and Q are re-
ported in Table I. Generally, the loop gain is chosen such that
the closed loop system is unstable. Then, because of saturations
of electronic amplifiers in the control circuitry, self-sustained os-
cillations at fixed amplitude can be obtained. With this scheme,
however, the amplitude of oscillations can be predicted, but not
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controlled. So, a variable gain amplifier (VGA) is introduced
in the loop and an outer control loop [automatic gain control
(AGC)] is used to adjust it, as described in detail in [7]. If
u(t) denotes the variable gain, the system dynamics becomes
(neglecting scale factors and conversion constants)

ẍ +
ωx

Q
ẋ + ω2

xx =
uẋ

m
(3)

or

ẍ +
(

ωx

Q
− u

m

)
ẋ + ω2

xx = 0 (4)

which is a second-order system with its damping controlled
by u(t). To maintain the oscillations at constant amplitude, the
damping must be regulated to zero by means of u(t). This con-
dition is known as Barkhausen’s condition in electronic oscilla-
tors literature. Proportional (as in [7] and [8]) or proportional-
integral controllers have been used to regulate the actual oscil-
lation amplitude to a given reference value. As for the actual
oscillation amplitude of ẋ(t), this is usually retrieved by half-
wave rectification (asynchronous demodulation) or by using a
synchronous demodulation and a low-pass filtering. In the lat-
ter case, the demodulating carrier is given by a phase-locked
loop (PLL), which is locked to the output of the transresitance
amplifier.

Alternative solutions for the aforementioned control problem
are reported in [5] and [9]. In particular, in the control scheme
described in [9], the sustained oscillation is produced by a PLL
designed in such a way it tracks the resonant frequency of the
resonator. However, the proposed solution does not provide any
control for the oscillations amplitude. In [5], an adaptive control
adjusts a set of parameters so that both Barkhausen’s condi-
tion and the amplitude regulation requirement are satisfied. The
control algorithm can track variations of the natural frequency
and it doesn’t require any PLL or sinusoidal excitation circuits.
However, we note that also the basic AGC loop acts as an
“adaptive” controller and it tracks variations of the system nat-
ural frequency: in fact, the closed loop dynamics of the positive
feedback loop becomes ẍ + ωxx = 0 when the Barkhausen’s
condition is satisfied, so that the resonator is excited at its natu-
ral frequency.

Most of the works in literature [5], [7], [9], [10] consider
continuous time control schemes for the driving loop. In this
paper, we propose a solution based on a discrete time AGC,
where the oscillation amplitude is retrieved by sampling ẋ at its
positive peaks and the regulation error is controlled to zero by
a discrete time proportional-integral (PI) controller (Fig. 3). We
assume that the sampling clock is given by the quadrature output
(i.e., the 90◦ out-of-phase output with respect to the input) of a
PLL locked to the output of the transresitance amplifier. With
this scheme, the oscillation amplitude can be tracked with great
accuracy; moreover, a discrete time control scheme is particu-
larly suitable to be implemented using switching capacitor (SC)
technology. The discrete time dynamics of the inner control loop
in the system of Fig. 3 can be computed by sampling the free
evolution ẋ(t) of (4). If the initial condition is specified at time
t = tk , ẋ(t) has the form (neglecting scale factors for sake of

Fig. 3. Driving control loops: the inner one is the positive feedback loop with
variable loop gain; the outer one is the amplitude control loop.

clarity)

ẋ(t) = ẋ(tk )
|λ|eσ(t−tk )

ω
sin(ω(t − tk ) + # λ)

− x(tk )
|λ|2eσ(t−tk )

ω
sin(ω(t − tk )) (5)

where (x(tk ), ẋ(tk )) is the initial condition, λ = σ ± jω are the
eigenvalues of (4) and tk = kT is the generic sampling instant,
with k ∈ Z and T sampling period. Since ẋ(t) is sampled at
its positive peaks, the sampling period is T = 2π/ω(u) and it
depends on the value of the AGC gain u(t). Therefore, the value
of ẋ at next sampling instant tk+1 is

ẋ(tk+1) = ẋ(tk )
|λ|eσT

ω
sin # λ. (6)

Because of sin # λ = ω/|λ|, the discrete time dynamics can
be finally simplified as

ẋ(tk+1) = ẋ(tk ) exp
[
2π

σ(u(tk ))
ω(u(tk ))

]
.= f(ẋ(tk ), u(tk )) (7)

where it has been emphasized that σ,ω depend on the current
value of the control u

σ(u) =
u

2m
− ωx

2Q
, ω(u) =

√
ω2

x − σ2(u). (8)

We note here that (7) is the Poincare’s map [11] of the
system described by (4), determined across the section Σ =
{(0, ẋ) : ẋ > 0} in the phase plane (x, ẋ). The map can be lin-
earized by considering small perturbations of the variables from
steady state values (ẋ0, u0) : ẋ(tk ) = ẋ0 + δẋ(tk ), u(tk ) =
u0 + δu(tk ). The linearized model, also called small-signal
model [12], is

δẋ(tk+1) %
∂f

∂ẋ

∣∣∣∣
ẋ0(tk ),u0(tk )

δẋ(tk ) +
∂f

∂u

∣∣∣∣
ẋ0(tk ),u0(tk )

δu(tk )

(9)

and, hence

δẋ(tk+1) = δẋ(tk ) +
ẋ0π

mωx
δu(tk ). (10)
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Fig. 4. Velocity regulation (at vref = 0.13 m/s) during start-up and after an
external acceleration shock (100 g shock at t = 0.15 s for 5 ms).

On the linearized system, which is a discrete time integrator, a
PI controller can be designed to obtain a stable system, with fast
closed loop modes or good rejection to small disturbances. If
the discrete time PI controller has the form

C(z) = Kp +
KiT

z − 1
(11)

then, since the linearized system is a discrete time integrator of
the form

P (z) =
b

z − 1
b

.=
ẋ0π

mωx
(12)

the closed loop system poles are

z1,2 =
2 − bKp ±

√
b2K2

p − 4bKiT

2
. (13)

The modes of the closed loop system are, therefore, adjustable
by setting Kp and Ki properly. We point out that the proposed
design for the PI controller is oriented for small perturbation
around a working point: in fact, only in this case the nonlinear
system behaves as the linearized one. However, the approach we
have proposed can be assumed as a guideline for an initial choice
of Kp and Ki . Further refinements can be done manually to meet
the actual control specifications. Fig. 4 shows the simulation
results for the velocity of drive mass at start up and after an
acceleration shock of 100 g, acting for 5 ms along the drive axis.
The control loop is capable to drive the mass into controlled
oscillation (both in amplitude and frequency) and to recover
the correct oscillation amplitude in the velocity signal after a
shock. The overshoot in the envelope of the velocity signal can
be reduced if an anti reset wind-up scheme is added to the
PI controller. This has been omitted in the current design to
comply with the requirement of minimizing the complexity of
the hardware implementation.

Fig. 5. Simplified block diagram of the sensing loop. q(k) is demodulated and
decimated in order to retrieve an estimate of the angular rate Ωz (t).

IV. SENSING LOOP

A closed-loop strategy for sensing the Coriolis acceleration
is essential in order to enlarge the bandwidth of the sensor,
to increase its linearity, and to improve its robustness against
temperature variations. It consists of compensating the Coriolis
force with a feedback force, which can be applied by electro-
static actuation using either dedicated rebalance electrodes or
the same electrodes used for position sensing (exploiting a time
division strategy). Some continuous time, fully analog designs
and implementations have been proposed in literature [13]–[15].
Instead of using an analog feedback loop, in this paper we ex-
ploit a digital feedback. In this case, the feedback force is pulse
modulated using a two levels comparator, namely a 1-bit quan-
tizer. The input of the quantizer is the proof mass position signal,
which is sampled at a much higher frequency than the bandwidth
of the sensor. In our setup we assume a sampling frequency
Fs = 32 × fdrive, namely a multiple of the clock frequency in
the driving loop. Moreover, we assume that the force transducer
in the feedback is linear, at least for small displacements, and
that the feedback pulse is applied in a time division fashion,
i.e., for a fraction ∆ of the whole sampling period, and with
a time delay t0 inside the period. The two-level signal q(t) is
then demodulated and decimated in order to retrieve the angu-
lar rate Ωz (t). It is worth noticing that the actual force acting
on the sensing mass is not due only to Coriolis effect, but also
to mechanical imperfections. Among all, the most important
is the so-called “quadrature error,” resulting in a force applied
to the sensing mass which is in phase with the displacement of
the drive mass, then in phase quadrature with the Coriolis force.
By using a synchronous quadrature demodulation (and low-pass
filtering) of q(t), this disturbance can be estimated and, hence,
cancelled out.

If the effects of the reference input and the feedback signal
are considered separately (this is possible by the linearity), then
the system in Fig. 5 can be rearranged as in Fig. 6. Because
of the particular shape of the feedback pulse, the zero holder
H0(s) in the feedback path of Fig. 5 becomes a “modified” zero
holder

H0(s,∆, t0) = e−st0 1 − e−s∆T

s
(14)



Applicazioni roboHche in ambito medico 
  RoboHca riabilitaHva 

  Sviluppato un disposiHvo per 
dito e mano in ambito 
Matlab‐Simulink 

  RiprogeIazione e sviluppo in 
ambito  open‐source 



Applicazioni roboHche in ambito medico 
  Teleriabilitazione 

  Sviluppo di controllo aIraverso 
la rete internet 



Applicazioni roboHche in ambito medico 
  Ecografia assisHta da robot: 

  Ecografia non a contaIo, con movimento della sonda comandato aIraverso un 
joysHck a 6 gradi di libertà e retroazione di forza 


