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Abstract

One of the major issues in inertial and magnetic measurement unit (IMMU)-based 3D orientation estimation is compensation for

magnetic disturbances in magnetometer signals, as the magnetic disturbance is a major cause of inaccurate yaw estimation. In the pro-

posed approach, a kinematic constraint is used to provide a measurement equation in addition to the accelerometer and magnetometer

signals to mitigate the disturbance effect on the orientation estimation. Although a Kalman filter (KF) is the most popular framework

for IMMU-based orientation estimation, a complementary filter (CF) has its own advantages over KF in terms of mathematical sim-

plicity and ease of implementation. Accordingly, this paper introduces a quaternion-based CF with a constraint-combined correction

equation. Furthermore, the weight of the constraint relative to the magnetometer signal is adjusted to adapt to magnetic environments

to optimally deal with the magnetic disturbance. In the results of our validation experiments, the average and maximum of yaw errors

were 1.17° and 1.65° from the proposed CF, respectively, and 8.88° and 14.73° from the conventional CF, respectively, showing the

superiority of the proposed approach.
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1. INTRODUCTION

Inertial and magnetic measurement unit (IMMU)-based 3D

orientation estimation has a variety of applications mainly because

it has no measurement volume limitation [1-3]. Typically, an

IMMU consists of a triaxial gyroscope, accelerometer, and

magnetometer. The IMMU estimates 3D orientation using the

complementary relationships among the three sensors. The

gyroscope provides angular velocity for prediction and the

accelerometer and magnetometer provide vertical and horizontal

references for correction [4-5]. 

However, there are two difficulties in the correction process.

First, accelerometer signals contain external acceleration as well

as gravity (which is the vertical reference vector) under dynamic

conditions, making it difficult to use the accurate vertical

reference [6]. Second, magnetometer signals can be easily

disturbed by inhomogeneous magnetic fields from any magnetic

materials in the vicinity of the sensor. It is generally considered

that the second difficulty is more problematic than the first in

outdoor applications [7-9]. 

Orientation estimation methods with magnetic disturbance

compensation mechanisms have been proposed to improve the

accuracy of yaw estimation. Bachmann et al. [10] and Madgwick

et al. [11] proposed a blend of the angular velocity-integrated

orientation using gyroscope signals and an optimization

technique-derived orientation using accelerometer and

magnetometer signals. Lee and Park [12] proposed a method of

selectively using the reference vectors according to the

magnitudes of external acceleration and magnetic disturbances by

setting thresholds. This technique avoids disturbances that cause

adverse effects. Furthermore, the magnetic disturbance has been

designated as a state in the Kalman filter through a Markov chain

model, in order to actively compensate for the disturbance by

estimating it [13-15]. However, the Markov chain model is based

on a type of random walk, not on a robust measurement. This is

a fundamental limitation of the model-based approaches. 

In this paper, a kinematic constraint is used to provide an

additional measurement equation in addition to the accelerometer

and magnetometer signals, and thus to mitigate the disturbance’s

effect on the orientation estimation. In most systems that require

3D orientation information, such as the human body or
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manipulators, segments or links are connected by joints. In

particular, this research deals with a kinematic constraint

generated by a spherical joint by considering that many

mechanical joints are rotational joints that allow only relative

rotations, like the spherical joint.

In the literature, the constraint has been used mainly to improve

the joint angle estimation accuracy [16-18]. Choi and Lee [19]

showed that the constraint can be used to improve tilt estimation

rather than joint angles. 

In terms of a type of filter in which orientation estimation

algorithms are implemented, a Kalman filter (KF) is the most

popular framework for IMMU-based orientation estimation

because of its optimal and recursive characteristics. However, a

complementary filter (CF) has its own advantages over KF in

terms of mathematical simplicity and ease of implementation.

With regard to the orientation representation, Euler angles,

quaternion, and direction cosine matrix are common. Among

them, the quaternion can arguably be considered as the most

popular representation for 3D orientation estimation for its

singularity-free aspect and small number of dimensions (four). 

Accordingly, this paper introduces a quaternion-based CF with

constraint-combined correction equations. Specifically, the proposed

method improves the yaw estimation performance by combining the

kinematic constraint with the conventional method introduced in [10].

In addition, the proposed CF is constructed so as to adapt to magnetic

environments and optimally deal with the magnetic disturbance by

adjusting the weight of the constraint with respect to the

magnetometer signals, in accordance with the magnetic disturbance.

The proposed method is experimentally verified using a two-link

system connected by a spherical joint under different conditions of

external acceleration and magnetic disturbance. 

2. METHOD 

2.1 Quaternion kinematics

The proposed complementary filter (CF) is expressed through

the quaternion. The orientation of the sensor frame s with respect

to the inertial frame I is defined as ,

where  and  are the scalar and vector parts of

the quaternion. The observation frame of an arbitrary

vector  is transformed from the sensor frame s to

the inertial frame I using  as 

, (1)

where  is the rotation matrix corresponding to the quaternion

. The matrix  corresponding to   is

 

. (2)

The derivative of the quaternion   can be expressed by

angular velocities  and  as:

, (3)

where  indicates a quaternion product.

2.2 Error modeling

The proposed method is based on a two-link system consisting

of links i and j. Assume that the sensor frame coincides with link

frame where the sensor is attached to the link, i.e., . The

proposed method estimates the 3D orientation of link i within the

given reference orientation of link j. 

The normalized gravity vector  is

, (4)

where  is the constant gravity vector with respect to the inertial

frame. A normalized geomagnetic field vector  is

, (5)

where  is the geomagnetic field vector with respect to the

inertial frame and is constant in the local area. 

The normalized gravity vector and geomagnetic field vector

shown in Eqs. (4) and (5) can be rewritten as follows by

combining the orientation  with the accelerometer signal 

and the magnetometer signal , respectively:

, (6)

, (7)

where ^ indicates that the corresponding vector is calculated from

the sensor signal. In an ideal condition, in which there is no sensor

noise, external acceleration, or magnetic disturbance,  and 

obtained from the sensor signals coincide with u and n,

respectively. 
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In the conventional method [10], the error model is constructed

based on the accelerometer and magnetometer signals. The

proposed method combines a kinematic constraint with the

conventional error model. The constraint is that, in the two-link

system connected by a spherical joint, the accelerations of the

joint center from each links are equal.

, (8)

where  is the external acceleration of the sensor with respect

to inertial frame,   is a constant position vector from the sensor

to the joint center with respect to the sensor frame and is obtained

through a calibration procedure before measurement,  is the

angular velocity of the sensor with respect to the sensor frame,

and 
~

 indicates the cross-product matrix of the vector. Equation (8)

can be rewritten as Eq. (9) by expressing  and  using the

accelerometer signal  and the gyroscope signal ,

respectively. 

, (9)

where . Note that the accele-

rometer signal  of the two links includes both the external

acceleration  and gravity g. However, the gravity components

located on both sides cancel each other out when the gravity is

expressed with respect to the inertial frame. 

Let us define the normalizations of the left and right sides of Eq.

(9) as  and , respectively.

Then, we may set the reference vector  composed of u, n, and

, and the estimation vector  composed of  and , where

 is the function of , i.e., , as follows:

, (10)

. (11)

The difference between  and   is defined as an error

vector .

(12)

2.3 Constraint-combined adaptive complementary

filter

Set the objective function  to minimize the square of the

error vector  defined in Sec. 2.2.

(13)

To minimize the objective function , the proposed

method calculates the incremental  from the Gauss-Newton

method as follows:

, (14)

where J is the Jacobian of  which is defined as

; and W is a weight matrix adjusting the weight of the

kinematic constraint  relative to that of the magnetometer

signal, in accordance with magnetic disturbance, as follows:

, (15)

. (16)

In Eq. (16),  is the threshold for magnetic disturbance.

Further, when the magnetic disturbance is higher than , the

weight  is set to 1, and thus  is calculated using the

accelerometer-related equation and the constraint equation but

without the magnetometer-related equation. 

Once the incremental  is obtained, the quaternion of the

current step t is estimated as follows:

, (17)

where the gain k is determined based on the weight  and the

magnitude of  and also by considering the case where 

is abnormally large, as follows: 

.
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Fig. 1. Experimental setup.
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In Eq. (18),  and  are the thresholds for the weight and

magnitude of , respectively. Finally,  is normalized as the

quaternion expressing the orientation is a unit quaternion. Note

that the quaternion update in Eq. (17) is performed only once

without additional iteration.

3. RESULT

3.1 Validation experiment

To verify the proposed CF, we used MTw IMMUs (from Xsens

Technologies B. V.) providing the input to the proposed CF as

well as the OptiTrack Flex 13 optical motion-capture system

(from Natural-Point, Inc.) as a reference system. We used a two-

link system connected by a spherical joint to provide the

kinematic constraint and a magnetic screw driver to apply

magnetic disturbances (see Fig. 1). The constant vectors from the

sensor to the joint center were estimated by the method introduced

in [20], as follows:  = cm and  =

cm.

The thresholds and parameters, such as  and , are

determined using the covariance matrix adaptation evolution

strategy (CMA-ES) [21] which is a genetic algorithm-based

optimization method as follows: , , ,

, and . To provide severe conditions, we

added an arbitrary bias to the gyroscope signal so that a drift error

occurs easily in a short experimental time, and the bias used was

rad/s.

Three experiments with magnetic disturbance were conducted

for the validation. Tests 1 and 2 differed in acceleration condition

but had a similar magnetic disturbance, whereas Tests 2 and 3

differed in magnetic disturbance but had a similar acceleration

condition (see Table 1). The orientation of link j was given from

the reference system, Flex13. For the verification, the strapdown

integration method based only on gyroscope signals and the

conventional method [10] without a kinematic constraint were

selected for comparison. We compared the root mean square

errors (RMSE) of the roll, pitch, and yaw of the proposed method
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Fig. 2. Experimental result of Test 2: (a) magnitude of the applied magnetic disturbance and (b) yaw estimation errors with respect to the

reference.

Table 1. Experimental conditions of each test. 

Average of external 

acceleration

Number of mag-

netic disturbances

Duration of mag-

netic disturbance

Test 1 0.9 m/s2 5 times 15 s

Test 2 2.0 m/s2 5 times 15 s

Test 3 1.9 m/s2 once 30 s

Table 2. Experimental results (unit: degree).

Method Roll Pitch Yaw Avg.

Test 1

Integration 9.01 8.30 8.27 8.53

Conventional 3.27 3.28 6.69 4.41

Proposed 0.81 1.25 1.16 1.07

Test 2

Integration 9.39 7.42 8.49 8.44

Conventional 2.65 4.06 5.23 3.98

Proposed 0.95 1.20 1.29 1.14

Test 3

Integration 5.28 5.85 5.96 5.69

Conventional 1.69 1.72 14.73 6.04

Proposed 1.53 0.76 1.65 1.31
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with those from the comparison methods.

3.2 Results and discussion

Table 2 shows the RMSEs for the roll, pitch and yaw

estimations from the three methods. In the low acceleration test

(Test 1), the yaw estimation errors from the comparison methods

were greater than 5°, while that from the proposed method was

only 1.16°. In addition, the roll and pitch errors of the proposed

method were 0.81° and 1.25°, respectively, which were lower than

those from the comparison methods.

Figure 2 shows the yaw estimation error results in Test 2 with

the applied magnetic disturbance. Au is the dimensionless

arbitrary unit, and the magnitude of magnetic field at the

manufacturer of MTw, Xsens, is 1. In the case of the conventional

method, the yaw estimation error immediately increased when the

magnetic disturbance was applied, and decreased when the

disturbance disappeared. This implies that the conventional

method is highly affected by the surrounding or applied magnetic

environments. In contrast, in the case of the proposed method, the

yaw estimation error hardly increased although the magnetic

disturbance was applied, showing the robustness of the proposed

method against the magnetic disturbance.

The proposed method utilizes the acceleration-level kinematic

constraint, i.e., the acceleration vector at the joint center should be

identical in the inertial frame, no matter from which IMU

(attached to link i or link j) it is calculated. Therefore, it was

expected that the constraint might not properly work at slow

movements. In this regard, results of Test 1 could be compared

with those of Test 2 which was a higher acceleration experiment

than Test 1, with the similar magnetic disturbances applied in Test

1. Unexpectedly, the errors were mostly equivalent in Test 1 and

Test 2. Accordingly, we may think that when the average external

acceleration is 0.9 m/s
2 or more, the difference in estimation

performance depending on the external acceleration level is not

distinct.

As shown in Fig. 3, Test 3 experienced a similar acceleration

condition to that of Test 2, but a much longer duration of magnetic

Fig. 3. Experimental result of Test 3: (a) magnitude of the applied magnetic disturbance, (b) the weight of constraint, and (c)~(e) yaw, pitch

and roll estimation errors with respect to the reference, respectively.
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disturbance than Tests 1 and 2 (i.e., 30 s). The conventional

method caused a significant increase in the yaw estimation error

(up to almost 40°) due to the long-term magnetic disturbance.

Furthermore, the pitch error increased as the magnetic disturbance

was applied. This is because both the conventional and proposed

methods are based on the quaternion representation. 

In the proposed method, the weight of the constraint  is also

shown in Fig. 3. It can be found that the weight of the constraint

mostly stayed at 1 during the period of 15-45 s when the magnetic

disturbance was applied. This means that, if a severe magnetic

disturbance is applied, the proposed method estimates the

quaternion without using the magnetometer signals. As a result,

the proposed method was robust against the magnetic disturbance.

Even when the magnetic disturbance from the screw driver was

not applied, the magnetic condition of the laboratory where the

tests were performed was not completely homogeneous, and thus,

a magnetic disturbance of about 0.07 Au (arbitrary unit) was

observed. Figures 3 (d) and (e) show that the addition of the

constraint to the error model contributes positively to not only the

yaw estimation but also the roll and pitch estimations.

4. CONCLUSIONS

This paper introduces a quaternion-based complementary filter

with constraint-combined correction equations. Furthermore, the

weight of the constraint relative to the magnetometer signal is

adjusted to adapt to magnetic environments to optimally deal with

the magnetic disturbance.

In the results of the validation experiments, the average and

maximum of yaw errors were 1.17° and 1.65° from the proposed

CF, respectively, and 8.88° and 14.73° from the conventional CF,

respectively, showing the superiority of the proposed approach.

While the constraint-combined proposed method has the effect of

mainly improving the yaw estimation, the method also contributed

positively to the roll and pitch estimation performance as the

method is based on the quaternion representation.

However, the constraint used in the proposed method is based

on the acceleration of the joint center, and thus, only works under

dynamic conditions. Therefore, if magnetic disturbances are

applied under static conditions, the estimation error cannot be

corrected by the constraint. Another limitation of the current study

might have been the use of the reference orientation for one link

(link j) of the two-link system. In future work, the proposed

method needs to be improved so that the orientations of both links

can be estimated through the method.
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