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Abstract—In this paper, the adverse effects of variation in
operating temperature, on the performance of PM sensors and
actuators used in aerospace and military applications, and
methods to provide inherent temperature compensation by design,
are presented. Unlike the conventional shunt compensation,
the proposed method uses the direct leakage path between two
neighboring permanent magnets. This novel method arrived at
after conducting finite element (FE) analysis, is capable of giving
complete temperature compensation over the entire operating
temperature range. In a gyroscope designed and developed under
this scheme, the temperature sensitivity of the torquer scale factor
of the gyroscope in an operating temperature range of —60 to
+80°C is measured to be less than —10 ppm/C against the
normal value of —450 ppm/C, observed in a gyroscope having
no inherent temperature compensation.

Index Terms—Gyroscope, permanent magnet, sensor and actu-
ator, temperature compensation.

I. INTRODUCTION

PERMANENT magnet sensors and actuators such as
accelerometers, torquers, gyroscopes, etc. used in indus-

trial applications are required to operate satisfactorily under
ambient temperatures of 10 to 50° C, whereas those used in
aerospace and military applications are required to operate in
a wide range of operating temperature, from -60 to +80° C.
Normally high-energy samarium cobalt (SmCo5 and Sm2Coi7)
or Neodymium-Iron-Boron (NdFeB) are used as the PM
materials in almost all aerospace and military applications.
Adverse factor of both these materials is their higher reversible
temperature coefficient, typical values being -0.04%/°C for
samarium cobalt and -0.11%/°C for NdFeB, which causes
variation in the performance of these devices, and erratic
results, which are of utmost concern in aerospace and military
applications.

In this paper, the results of the FE analysis conducted to
study the adverse effect of varying operating temperature
on the performance of a two-axis gyroscope, and a novel
method arrived at for providing inherent temperature compen-
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sation are discussed. The gyroscope consists of four major
sub-assemblies, namely, a spin motor to give a constant angular
momentum to the gyro-rotor, a dynamically tuned flexural
suspension element, a two-axis inductive pick-off to detect the
angular displacement of the gyro-rotor due to change in angular
orientation, and a PM torquer which is a torque-to-null mode
actuator along two axes and which brings back the gyro rotor
by precession to its initial position by applying torque along
the appropriate axis [1].

Physical dimensions and the air gap flux density remaining
constant, the dc current of the torquer, is directly proportional to
the launch vehicle/satellite angular velocity along the respective
input axis. SmCo5 magnet is used in the torquer as it provides
sufficiently higher flux densities in wider airgaps of the order of
5 mm required in this gyro application as torquer coils of about
3 mm width are to be accommodated in the airgap. However, due
to higher temperature coefficient of SmCo, the torquer scale
factor is highly sensitive to changes in temperature and hence
the measured angular displacement by the gyroscope becomes
erratic. This error is cumulative and over a period of time, it can
cause a mission failure, as the exact orientation of the launch
vehicle/satellite will be different from the calculated one, based
on the gyro outputs.

Providing constant temperature environment to the gyro-
scope appears to be a solution to this problem, but in reality,
it will be extremely difficult to realize, due to the requirement
of additional systems to monitor and control the temperature.
Another solution could be to measure the temperature in the
airgap and provide compensation by electronic circuits exter-
nally or by software correction through onboard computers.
But this would also necessitate certain additional subsystems
in the launch vehicle/satellite.

II. PERMANENT MAGNET TORQUER

The PM torquer consists of two sets of outer and inner ring
magnets made of SmCo, mounted on to the rotor body of the
gyro and four sets of stationary coils having their axes displaced
by 90° mechanical in the airgap. As the air-core coils are to be
accommodated in the airgap, relatively a larger airgap (5 mm) is
provided in between the inner and outer PM rings. Fig. 1 shows
the cross-section of the PM torquer used in the gyroscope. The
main flux passes through all the four ring magnets and the two
airgaps, where the coils are located. The rotor body of the tor-
quer is made of cobalt-iron alloy (49Co-9Fe-2V), a material
having high permeability and also high saturation flux density.
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Fig. 1. Cross-section of permanent magnet torquer used in gyroscope.

The torque developed by a PM torquer coil can be expressed

as:

T = 2BaILNR (1)

where
Bn is the average airgap flux density in the airgap at the

coil sections,
/ is the current in the coil conductor,
L is the active length/turn,
N is the number of turns/coil, and
R is the length of torque arm.

Considering Bo to be constant, the torque developed is directly
proportional to the current and hence the current measurement,
directly gives the torque developed or in other words the an-
gular displacement of the launch vehicle or satellite in the cor-
responding axis [2].

In a gyroscope without any temperature compensation
scheme, a temperature sensitivity of -450 ppm/C has been
measured for the scale factor of the PM torquer, which is
normally 108.2/hour/mA. The SmCo5 permanent magnet is
contributing to such higher temperature sensitivity. The re-
quirement is to design a PM torquer with inherent temperature
compensation, for which the above temperature sensitivity shall
be within ±10 ppm/C. This will obviate the use of tempera-
ture monitoring/maintaining systems, and electronic/software
correction methods.

III. FE ANALYSIS FOR TEMPERATURE COMPENSATION

A 2-D model of the PM torquer is created using ANSYS
EMAG FE analysis package. FE analysis had been carried out
for operating temperatures ranging from -60 to +80°C in steps
of 10C. In each step, Bg at upper and lower airgaps, where the
coil sections are provided, have been observed. Typically, these
values are 0.2422 T and 0.2749 T, at 20°C, and 0.2378 T and
0.2699 T, at 60C , respectively. From this, the temperature sen-
sitivity of the flux density in the coil locations in the airgap, has
been worked out as -455 ppm/C, against the measured value
of-450ppm/°C.

The conventional method of providing temperature com-
pensation for PM devices is the shunt compensation. Here, a
thermo-magnetic alloy, usually made of nickel-iron, is provided
as a thin film over the permanent magnet as shown in Fig. 2.
This alloy, owing to its typical B-H characteristics, greatly
influenced by temperature as shown in Fig. 3, controls the
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Fig. 2. Principle of conventional shunt compensation.
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Fig. 3. B-H Characteristics of typical temperature-compensating alloy.

leakage flux in the shunt path such that in the range of operating
temperatures, the airgap flux density remains the same [3].

The FE model after incorporating the B-H characteristics of
a typical temperature-compensating alloy has been analyzed for
achieving complete compensation. Initially, the effect of shunt
compensation alone has been investigated. For up to 2 mm thick
strips of the alloy provided at the top and bottom edges of the
permanent magnets, no effect was felt at the coil locations, ex-
cept for a disadvantage of net reduction in the Bo. For a thick-
ness of 2.2 mm of the alloy, the temperature sensitivity has come
down to -355 ppm/C, but with an unaffordable penalty of re-
duction in net flux density by 32.5%. Therefore, it is evident
that this method is limited to PM having very small thickness
in a direction orthogonal to its magnetic axis and also for mag-
netic circuit having smaller airgap. The analysis had shown that
the shunt compensation is of no use in the torquer used in the
gyroscope, owing to larger airgap (5 mm) and thicker magnets
(6 mm) of the PM torquer.

IV NOVEL METHOD OF TEMPERATURE COMPENSATION

From the FE analysis, it is observed that placement of
temperature-compensating alloy in between the upper and
lower PM rings is a viable solution, as it provides a direct
controllable path for the flux without crossing the main airgaps.
The study with varying strip thickness had shown that the
use of 4 mm thick strip of alloy is required for the complete
compensation over the entire operating temperature range. This
has utilized the direct leakage path apart from the shunt leakage
paths at the bottom edge of the upper magnet and the upper
edge of the lower magnet.

Typical flux density plot of the upper coil location in the
airgap, at the operating temperature of 20°C is given in Fig. 4.
Table I gives the results of the FE analysis of the PM torquer
with temperature compensation. It may be seen that the Bg is
same (0.2472 T) at the coil locations in the upper airgaps, at
20 and 60° C. Similarly, Bg at the coil locations in the lower
airgaps, is also the same, 0.2471 T. That means the temperature
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Fig. 4. Flux density plot of the coil location in the upper airgap of the
temperature compensated PM torquer at 20° C. Note that the four digit values
shown on the right side of the flux density plot indicate the flux denities in
Gauss. The middle value of these gives the average flux density in the selected
area, which in this case is the coil cross-section area in the upper airgap.

TABLE I
RESULTS OF FE ANALYSIS OF THE TEMPERATURE COMPENSATED PM TORQUER

Item Unit
Average flux density in the airgap T

(a) Upper coil location
(b) Lower coil location

Average flux density in permanent-
magnets T

(a) Upper ring magnet
(b) Lower ring magnet

Average flux density in temperature-
compensating alloy T
Temperature sensitivity of the torquer-
scale factor from-60 to+80 °C ppm/°C

At 20 °C

0.2472
0.2471

0.7369
0.7698

0.5522

-5

At 60 QC

0.2472
0.2471

0.6808
0.6887

0.4871

max

sensitivity, for the new configuration is 0 ppm/C. It is observed
that the temperature sensitivity remained within - 5 ppm/° C, for
the entire range of operating temperature, from -60 to +80° C.

The process of inherent compensation can be well under-
stood from the above table. At 20° C, the average flux den-
sity in the temperature-compensating alloy has been 0.5522 T.
At 60° C, the alloy offers more reluctance and the flux density
in it decreases to 0.4871 T. That means the alloy now allows
more flux to pass through the airgaps. Thus, the effect of re-
duction in properties of the PM rings at higher temperatures has
been compensated by the increase in reluctance of the temper-
ature-compensating alloy so that the net flux densities in the
airgaps at the upper and lower coil locations are maintained
constant.

V TESTING AND DISCUSSION OF RESULTS

A new gyroscope with temperature compensation as per the
designed optimum configuration has been fabricated. Fig. 5
gives a cross-sectional view of the developed gyroscope.

The temperature sensitivity of the torquer scale factor is mea-
sured as -8 ppm/C against the designed value of -5 ppm/C.
This deviation can primarily be assigned to the minor variations
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Fig. 5. Cross-sectional view of gyroscope with temperature compensated
torquer.

in actual properties of the permanent magnet and the temper-
ature-compensating alloy from the catalogue values. Also the
negligibly small variations in the properties of the soft mag-
netic material used for the rotor of the PM torquer with tem-
perature were not considered in the analysis. The measurement
tolerances had also contributed to this.

Nevertheless, the achieved temperature sensitivity of
-8 ppm/C for the gyro torquer scale factor is well within the
acceptable tolerance, usually of the order of 20 ppm/C for any
class of advanced launch vehicles and satellites and also for
other aerospace and military applications.

VI. CONCLUSION

The FE analysis has revealed that the conventional shunt com-
pensation method is sufficient in a sensor like accelerometer, but
is of no use in a gyroscopic sensor, which utilizes the PM tor-
quer as a torque-to-null actuator. This happens because of the
wider airgaps and relatively thicker magnets. For such appli-
cations, a novel configuration, which utilizes mainly the direct
flux path between the two neighboring permanent magnets can
be made use of in achieving complete temperature compensa-
tion. In a newly fabricated gyroscope with this novel method of
compensation, the temperature sensitivity of the torquer scale
factor is measured as -8 ppm/C, against the designed value of
-5 ppm/C over the entire operating temperature range of -60
to +80° C. This reduction in the temperature sensitivity of PM
torquer scale factor from the normal value of -450 ppm/C to
-8 ppm/C, enables the gyroscope for use in any class of ad-
vanced launch vehicles, satellites and military applications.
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