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Abstract: Rotating speed is a critical parameter affecting the performance of rotor gyroscopes. Rotor gyroscopes must operate at
the rated rotating speed. To shorten the start time of the ball-disk rotor gyroscope, this paper presents a new design of the drive
system for a ball-disk rotor gyroscope. The drive system is monitored by a microcontroller. First, the microcontroller generates a
sine pulse width modulation signal to drive the permanent magnet rotor. Second, the position of the rotor is detected according to
the back electromotive force in the non-energized coil. Third, a piecewise closed-loop control algorithm is implemented to keep
the angular acceleration of the rotor within the safe range automatically during the acceleration process and when running at a
constant speed. This control algorithm can avoid rotor stalling due to loss of steps. Experimental result shows that with the help of

adaptive quick-start technique, the start time of the device can be shortened by up to 36.6%.
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1 Introduction

A gyroscope is a device to measure angular mo-
tion and commonly used in many areas. Rotor gyro-
scopes can provide high accuracy at small size and
low cost (Barbour and Schmidt, 2001; Geen, 2005;
Wuetal., 2006a; Han et al.,2012). Compared to other
types of gyroscope, the manufacturing of rotor gyro-
scopes is relatively easy. Rotor gyroscopes are gen-
erally driven by magnetic or electrostatic force
(Dauwalter and Ha, 2005; Wang et al., 2006; Xue et
al., 2009a; 2009b; Jin et al., 2011). In this paper, a
miniaturized magnetically driven rotor gyroscope is
discussed. While scaling down the component, the
sensitivity and resolution are reduced simultaneously
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(Shao et al., 2006; Wu et al., 2006b). To solve this
problem, the rotating speed of the rotor must be in-
creased to a higher level. However, in the case of
constant acceleration, a higher rotating speed means a
longer start-up time. Therefore, the optimization of
the accelerating method is an effective way to reduce
the start-up time of a rotor gyroscope.

The device presented in this paper is a new de-
sign using a ball-disk rotor. The ball-disk rotor
structure is based on the principles of hydrodynamic
bearings, reducing the rotational resistance torque. It
is possible to improve the driving efficiency while
reducing the power consumption of the whole gyro-
scope system (Shearwood et al., 2000). In this struc-
ture, the ball-disk rotor is made of permanent mag-
netic material, and is directly driven by the coils of the
stator, which is somewhat similar to the structures
reported by Shearwood and Yates (1997), Damrong-
sak and Kraft (2005), Damrongsak et al. (2008), and
Kraft and Damrongsak (2010). However, there are
still some differences from their systems. In the ball-
disk structure, the rotor and the stator are isolated by
an oil film, and there is no requirement of levitation
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coils. The ball-shaped part of the rotor acts as the
bearing, and the disk-shaped part acts as the main part
of the mass of the gyroscope.

During the acceleration process, the driving
force overcomes the resistance torque of the rotor and
also provides an angular acceleration to the ball-disk
rotor. If the driving torque is not sufficient, the
start-up procedure of the gyroscope will fail because
of the loss of steps. So, the angular acceleration must
be strictly controlled within a safe range. In the
original design, control of acceleration is realized by
slowing down the accelerating procedure. It takes a
long time to finish the start-up procedure. In this de-
sign, the system is monitored by a microcontroller
unit (MCU). MCU generates a sine pulse width
modulation (SPWM) driving signal and determines
the angular position of the rotor, to achieve closed-
loop control. The power stage amplifies the output
current from MCU, and the precise amplifier makes
the back-electromotive force (back-EMF) signal from
the coils large enough to be picked up by the ana-
log-to-digital converter (ADC). The adaptive quick
start-up algorithm running in MCU can automatically
adjust the angular acceleration during the start-up
procedure. Under the control of the adaptive quick
start-up algorithm, the average angular acceleration
during start-up can be much larger than that of the
original system, so the start-up time of the rotor gy-
roscope can be considerably shortened.

2 Structures and operating principle
2.1 Mechanical structures
The mechanical structure of the ball-disk rotor

gyroscope is illustrated in Fig. 1.

Bearing screws
Electrode PCB
Ball-disc rotor
Stator with coils

Stator cover

Fig. 1 Structure of the ball-disk rotor gyroscope

The ball-disk rotor is composed of a magnetic
steel sheet and a precision steel ball, the stator iron
core is made of stacked silicon steel sheets, while the
stator covers and bearing screws are made of beryl-
lium copper. All the parts mentioned above are pre-
pared by precision CNC turning, milling, and wire-
cutting processes. It can be observed in Fig. 1 that the
ball-disk rotor is assembled at the center of the
structure, with the stator iron core surrounded by 12
coils. There are two sets of detection PCB electrodes
installed in parallel to the disk structure of the rotor.
The ball-disk rotor constitutes the mass in the gyro-
scope system. When the system works, the rotating
magnetic field generated by the coils makes the
ball-disk rotor rotate. If there is an external angular
velocity input to the system, the rotor deflects because
of the Coriolis force. The deflection changes the dif-
ferential capacitance between the rotor and the PCB
electrodes. Then the input signal is detected by the
system.

2.2 Operating principle

With the rotor center as the origin, we establish a
Cartesian coordinate system Oxyz. The disk is parallel
to the plane xOy, and the rotor rotates around the z

axis (Fig. 2).
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Fig. 2 Precession of the ball-disk rotor

Considering the ball-disk rotor as a homo-
geneous, ideal rigid body, the relationship among
Coriolis torque 7, input angular velocity £, rotational
inertia J, and the rotor’s angular velocity @ can be
described by the following formula:

T=JoxQ. (1)

For a ball-disk rotor with density p, its rotational
inertia can be described as
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J=[[[pav. 2)

Then, the value of the Coriolis torque can be
described as

T = ([ pdV w2 3)

Fig. 3 shows the angle ¢ between the rotor’s disk
plane and the stator plane.
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Fig. 3 Diagram of rotor deflection

When ¢ is very small, the sub-torque 75 of the
electromagnetic drive torque can be deduced ap-
proximately as

T, =T,,.sing, @)
where Tyive 18 the electromagnetic drive torque. When
Coriolis torque 7. is equal to sub-torque 75 in the
opposite direction, the system reaches balance status.
Thus, input angular velocity £ can be deduced by
detecting angle ¢.

3 Driving method and position detection
3.1 Driving method

The plan view of the ball-disk gyroscope is
shown in Fig. 4. As can be seen, the stator coils are
divided into 12 poles. A pole is a region where the
magnetic flux density is concentrated. A pair of poles
in the radial direction of the rotor constitutes one
phase. There are six phases in the system: 4, B, C, D,
E,and F.

Taking phase A4 for detailed analysis, when this
phase is energized, the rotor will rotate counter-
clockwise to keep the magnetic circuit shortest. The
magnetic torque M that drives the rotor can be
expressed as

M=PxB, )

Fig. 4 Plan view of the ball-disk gyroscope

where P is the composition of magnetic moments of
energized coils, and B is the magnetic flux density of
the ball-disk rotor. Because of the difference between
the magnetized rotors, flux density B cannot be
accurately determined. That is to say, the value of B
can be obtained only by experiments.

Compared to the rectangular wave driving
method, the symmetrical SPWM signal can drive the
device more smoothly (Srinu and Manmadha, 2014;
Xu et al., 2014). In this system, the six-phase
SPWM driving signal is used to energize the driving
coils. The phase difference between two adjacent
phases is 60°. The waveform of each phase is shown
in Fig. 5.

Fig. S Driving waveform of each phase
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The ball-disk rotor gyroscope driving system is
monitored by an MCU. MCU picks up the back-EMF
signal during the silent period of SPWM signal to
determine the position of the rotor. Under the control
of MCU, the ball-disk rotor can be accelerated and
kept rotating at the preset speed. In addition, MCU
provides a simple user interface to modify the pa-
rameters and check the status of the driving system.

3.2 Rotatory position detection

When the permanent magnet ball-disk rotor
rotates, the value of magnetic flux density Bg
generated in the stator core can be expressed as

By =B, -cos(wt + @), (6)

where By, is the maximum value of the magnetic flux
density, w is the angular speed of the ball-disk rotor,
and ¢ is the initial phase when the rotor starts to
rotate. According to Faraday’s law of electromagnetic
induction, the electromotive force induced in the coil
can be calculated by

E:N.d_(p:N.M’ (7
dt dr
where N is the number of turns of the coil, ¢ is the
magnetic flux through the coil’s cross section, By is
the magnetic flux density through the cross section of
the coil, and S is the cross-sectional area of the coil.
Ignoring the effects of magnetic flux leakage, the
rotor’s magnetic field goes through the high magnetic
permeability stator cores. Br and § in Eq. (7) are
orthogonal, so we obtain

B,-S=B,-S. (8)

Thus, Eq. (7) can be rewritten as

d(B-S) _, S-dB +B, -dS
dt dr

E=N- ©)

The size of the coil is fixed. That is, d5=0. Sub-
stituting Eq. (6) into Eq. (9), we obtain
S-dB; NS d[B, -cos(at + ¢,)]
de de
=-NSB o-sin(wt + @,).

E=N-

(10)
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In this system, there is no separate back-EMF
detection coil. The back-EMF signal is obtained by
measuring the terminal voltage of the driving coils
during the non-driving period. In other periods, the
values are copied from the last valid sample. Fig. 6
shows the waveforms of the ideal drive signal, the
terminal voltage of the coil, and the sampled back-
EMF signal.

@ N T N

(C) ww
[

Fig. 6 Ideal drive signal (a), terminal voltage waveform
(b), and sampled back-EMF signal (c)

@ is the angle between the ideal drive signal and back-EMF
signal

According to Eq. (10), the zero-crossing point of
the back-EMF signal occurs exactly at the position
where the change rate of the magnetic flux density is
zero. That is just when one of the rotor’s magnetic
poles passes the detection coil. Considering the slope
of the induced back-EMF signal, the rotational posi-
tion of the rotor can be determined.

4 Modeling and simulation

During the accelerating procedure, the driving
torque not only overcomes the resistance torque
between the rotor and the stator, but also provides the
angular acceleration of the rotor. When the driving
signal increases, the angle between B and P will
increase to provide angular acceleration to the rotor.
However, when the angle is greater than a certain
value, the rotor cannot keep pace with the rotating
speed of the magnetic field. The angle continues to
increase, and when the angle is greater than 180°, the
direction of the driving torque is reversed and the
rotor stalls. In this case, the rotor will never spin up
again on its own, causing failure of the start of the
system.

In an actual system, the maximum driving power
is limited, and it can be described as

P=(T, +Ja)-w<P,, (11)

€S
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where P is the actual output power of the driving
system, T is the resistance torque, J is the rotational
inertia of the rotor, & is the angular acceleration of the
rotor, @ is the angular velocity of the rotor, and Py,
represents the maximum drive power.

The rotational inertia of the ball-disk rotor used
in this system can be calculated according to the
mechanical dimensions and the material properties.
The result is

J~5.11x107° kg-m>. (12)

The system described here is powered up by a
5 V power supply, and the input current limit is 1 A.
The power consumption of MCU is about 200 mW, so
the maximum drive power is calculated as

P, ~UI, —P,, =48 W.

e ™ Ul 13)

To ensure system reliability, some power margin
is set here. Take Pjpm—4.5 W as the maximum driving
power in this system.

At a low rotating speed, the back-EMF signal is
too weak to complete zero-crossing detection. The
closed-loop control will not be able to operate until
the rotating speed reaches 2000 r/min. Thus, the
start-up process requires a separate treatment.

When the rotor begins to spin up from standstill,
the oil film does not exist between the rotor ball and
the bearing screws, and the resistance torque is
relatively large. When the rotating speed becomes
higher, the oil film forms, and then the resistance
torque reduces significantly and increases slowly with
the increase of the rotating speed (Deng et al., 2011).

In Eq. (11), let a=0 (i.e., steady state). T;.s can be
deduced approximately by measuring the minimum
steady-state driving power Ppinsteady) and the angular
speed w. Experiments show that the resistance torque
variation is very small, and 7., can be considered a
constant:

T, ~207x107 N-m. (14)
Through numerical simulations, the system
characteristics can be predicted quickly (Xiao et al.,
2010; Qin et al., 2011; Shao et al., 2011). Fig. 7 shows
the piecewise control algorithm of the gyroscope
driving system. To evaluate the performance of the
system, an equivalent simulation model of this system
was built with SIMULINK.

A

@=0 r/(min-s) a:(ﬁ...,“ /o) T, a=1500 a=1250
" J r/(min-s) r/(min-s)

End

Fig. 7 Control algorithm of the gyro driving system

The algorithm can be described as follows: at the
beginning, the rotating speed is below 2000 r/min,
and it is accelerated with the initial angular accelera-
tion of 1250 r/(min-s). When the rotating speed just
reaches 2000 r/min, the angular acceleration increases
to 1500 r/(min-s). As the speed increases further, the
maximum driving power Pjy;; will limit the angular
acceleration. At this time, the alternative value lim-
ited by Py Will be used. The angular acceleration
gradually decreases with increasing speed. When the
rotating speed reaches the set value of 8700 r/min, the
system completes the start-up procedure.

Throughout the above process, as long as the
back-EMF detection system can work, the lag angle 6
in Fig. 6 can be monitored. If #>80°, the angular ac-
celeration is forced to be zero until 8 returns to the
safe range. This can ensure that the driving torque is
in the correct direction to avoid loss of steps.

5 Results and discussion

Before establishing the system, an open-loop
control method is used. It changes the angular
acceleration according to the speed range of the rotor
(Table 1).

The simulation results of the traditional open-
loop method and the closed-loop driving method
proposed in this study are both presented in Fig. 8. As
can be seen, the open-loop system is conservative.
The capability of the power supply cannot be fully
used, and it takes 13.4 s to start, while the closed-loop
driving method takes full advantage of the power
supply and needs only 8.7 s.
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Table 1 Relationship between the angular acceleration
and speed range

Speed range (r/min) Angular acceleration (r/(min-s))

[0, 2000) 1250
[2000, 4000) 893
[4000, 6000) 625
[6000, 8000) 450
[8000, max) 333
10 10 &
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Fig. 8 Comparison between the open- and closed-loop
systems

When the open- and closed-loop driving
methods are applied to the same gyroscope, the
start-up time can be compared. The results show that
the closed-loop driving system can accelerate the
rotor from standstill to 8700 r/min in around 8.7 s,
while the open-loop system takes up to 13.4 s. The
measured results agree with the simulation results.

During the start-up procedure, the peak-to-peak
value of the back-EMF and the measured lag angle
between the ideal drive signal and the back-EMF
signal are as shown in Fig. 9.
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Fig. 9 Back-EMF signal and rotor speed

When the rotating speed is above 2000 r/min, the
back-EMF signal is strong enough to achieve reliable
zero-crossing detection. It can be seen from Fig. 8 that

the lag angle is below 90° during the whole start-up
procedure. The closed-loop driving system is working

properly.

6 Conclusions

In this paper, a novel adaptive quick-start
technique with back-EMF rotor position detection has
been presented. In this technique, angular acceleration
is controlled according to not only the power
consumption of the system but also the relative
position of the rotor. The position is detected without
a separate back-EMF detection coil. This means the
technology can be applied to almost all gyroscope
drive systems without any necessity for modifying the
coil structure. The back-EMF rotor position detection
part can measure the lag angle between the ideal drive
signal and the back-EMF signal and control it within
the safe range, thereby avoiding loss of steps. Using
the new start-up technology, the rotor of the ball-disk
rotor gyroscope can be accelerated from standstill to
8700 r/min within 8.7 s, while the old open-loop
startup method takes 13.4 s. The start time is
shortened by 36.6%.
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