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The main goal of the paper is to achieve a highly accurate measurement of yaw/heading without the
support of the Global Positioning System (GPS) and magnetometer by using a practical model based on
the principle “No Motion No Integration” (NMNI). The proposed technique removes the drift significantly
to optimize the Micro-Electro-Mechanical System (MEMS) gyroscope for the yaw/heading estimation. A
“Renovating Model” is added to the NMNI algorithm as a real-time detector for sensor motion state. The
Keywords: ‘NMNI' can work effectively with an independent gyroscope or collaborate with other.MEMS Sensors via
MEMS ’ fusion algorithms such as Madgwick, Mahony, and Kalman to overcome the limitations of the Global
MU Positioning System (GPS) in the indoor environment. Moreover, the two other critical factors: slope and

Accelerometer rotation speed, were examined on sensor behavior to thoroughly verify each filter’s pros and cons. The
Gyroscope experiments were carried out using a low-cost platform equipped with MEMS as gyroscope, accelerom-
Magnetometer eter, and magnetometer. A Pan Tilt Unit-C46 (PTU-C46) with high accurate positioning was used as a

NMNI reference angle for both static and dynamic experiments. The results show the considerable advance-
Sensor fusion ment of yaw estimation by implementing the NMNI model into the gyroscope thanks to the effective
drift removal. Moreover, the fusions between NMNI filter with Mahony and Madgwick accomplish high

yaw measurement performance when the sensor on the high slope without magnetometer.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, Inertial Measurement Units (IMUs) has become the
critical factor for orientation tracking [1], which are used for
multiple applications in the world like robotics, human motion,
navigation systems, and many other fields [2-12]. Thus, the
requirement of the sensor’s quality about highly precise detection
for angle orientation like roll, pitch, yaw also increases. Fig. 1 illus-
trates the Euler angle, generally. Rotation around X-axis, Y-axis, and
Z-axis called the roll, pitch, and yaw, respectively. Fundamentally,
yaw describes the rotation around the vertical axis, which is crucial
in orientation tracking.

This paper works on yaw (heading), which most challenging
angle to evaluate. For a static object, roll and pitch can be estimated
precisely by accelerometer [13,14], or data fusion with other sen-
sors [15-17]. However, yaw becomes a big challenge for IMU since
the accelerometer cannot provide the yaw information when the
sensor frame is aligned with the Earth frame. The Z-axis accelera-
tion does not change its reading value when the sensor rotates to
the right or left.
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The magnetometer’s support has been applied popularly to
overcome this accelerometer’s weakness [18,19]. However, mag-
netometer requires the high - precision calibration for hard iron
as well as soft iron that increases the complexity of the system
and also requires the assistance of the GPS [20,21] to guarantee
the accuracy of yaw, especially when the strange magnetic distor-
tion appears while the calibration is not updated yet. The scientists
already examined the considerable cons of GPS such as Signal Mul-
tipath, Receiver and Orbital Clock error. Environmental problems
like Ionospheres delay because of the distance and delay in time
caused the low accuracy in result [22]. On the other hand, GPS
works less effectively in the indoor environment that causes the
problem for indoor applications.

The gyroscope can reach the yaw’s actual value for a short time,
but unfortunately, the ‘drift’ phenomenon leads to erroneous data.
The drift results from the accumulation of the bias offset error
and noise in gyroscope measurements utilizing integration through
time and yields unacceptable orientation results, highly detrimen-
tal to applications that use gyroscopes to determine the orientation
[23,24]. Nevertheless, the idea of a gyroscope with minimized drift
has been considered as a high potential tool for the yaw estimation.
Many scientists have been researching gyroscope [25-27] and drift
correction.

The gyroscope drift can be minimized by using gravity-vector
compensation [28] or can also be estimated and removed by
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Fig. 1. Euler angles on three axes.

a Wiener-type recurrent neural network [29] for human hand
motion. Although the drift is decreased, the gyroscope drift behav-
ior during the angular accumulation may become a complicated
case in a dynamic process and should be noticed.

Zero Velocity Update (ZUPT) is a method utilizes the zero veloc-
ity condition for stationary case in the indoor navigation, usually
applied in Pedestrian Navigation. However, ZUPT can bound the
drift effect. However, there are various problems in detection
between stationary or dynamic state. Depending on the required
level of positioning error growth, the ZUPT execution period is
chosen. [30]. By this way, it is less flexible, which can become a
disadvantage in automation. A range of detectors detects when
the IMU is stationary by using moving acceleration variance [31],
magnetometer based [32]. However, the acceleration only varies
slightly and less significant when the sensor frame and the Earth
frame are the same and only rotate to left or right without inclina-
tion. Magnetometer detection can be influenced by iron distortion,
caused unexpected errors.

Considering the previous methods, the NMNI technique is pre-
sented with the real-time operation to prevent any single portion
of drift. This technique was successfully applied to Madgwick filter
as described in [51]. In this paper, the NMNI algorithm is directly
applied to the gyroscope to accomplish the highest heading esti-
mation efficiency since no additional noise from other sensors can
interfere. A threshold is established based on real gyroscope acqui-
sition at a stationary position to realize the sensor state.

From classical mechanics theory, objects will retain the static
staete or uniform linear motion until the external force changes this
state. Therefore, the stationary state can be reached when the object
stops and changes speeds or direction [52]. Thus, sensor state detec-
tion is the most essential factor for the whole system successfully
processed in the proposed model.

The paper proposes an upgraded NMNI model with a renovating
model and in-depth analysis on the yaw in various aspects such as
slope or motion speed, which are essential in the practical appli-
cations. The NMNI threshold of sensor state detection is calculated
based on the real-time acquisition and the update is carried out to
adapt to the rise of temperature, which increases the gyro-offset.
A model with high precision of update criteria is constructed. The
renovating model updates the threshold depending on each gyro-
scope sensitivity from the datasheet, the current threshold, and the
timer value.

For simple analysis, this paper divides the yaw drift into two
types: the drift during stationary point as static drift and the drift
during sensor motion as dynamic drift. Slope conditions were
examined in 2 specific cases for dynamic yaw analysis: static slope
and dynamic slope.

e Static slope:yaw angle is stationary, PTU is moved up and down
vertically.

Fig. 2. Static and Dynamic Slope illustration.

e Dynamic slope:yaw angle is in dynamic follow motion of PTU,
moved to left and right as Fig. 2 while the sensor is on the slope

The NMNI filter directly works on the gyroscope drift’s main
problem based on a threshold between stationary state and motion
state to prevent the yaw calculation from the additional portion
integration.

The principle “No Motion No Integration” and “Renovating
Model” construct a real-time operation for the whole system to
significantly strengthen the gyroscope characteristic in orientation
tracking. The proposed filter combines with Madgwick and Mahony
[34] to become filter fusion, such as fused Madgiwck and fused
Mahony, to estimate the heading component without magnetome-
ter.

The paper is organized as follows: Initially, a brief descrip-
tion of the most well-known sensor fusion algorithms: Madgwick,
Mahony and Kalman [33-36] then the description of the NMNI sys-
tem about its architecture and its working principle are followed.
After this part, the fusion techniques among NMNI filter and other
filters were demonstrated as advanced processes. Finally, experi-
mental results and signal analysis will be shown at the end of the

paper.

2. Sensor fusion algorithms
2.1. Madgwick filter

The Madgwick filter [34,37] has the good command of combin-
ing data from sensors to outcome the advanced signal. This sensor
fusion uses the measured acceleration and magnetic field to correct
for gyroscopic drift [38]. Thus, this paper only briefly demonstrates
the algorithms’ idea with the fusion of accelerometer and gyro-
scope.
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In the Madgwick filter, gyroscope noise is minimized by acceler-
ation and magnetic data, based on gradient descent in every update
step based on the quaternion [39-41].

The angular rate wx, wy, wz are acquired from the X, y, z axes of
the sensor frame which are represented in S,, vector (in rads~1)

So = [0wxwy w;] (1)

gq describes the orientation of the Earth frame relative to the
Sensor frame in the term of the quaternion.

34 =[d0q192953] (2)

The quaternion derivative describes the rate of change of ori-
entation of the earth frame relative to the sensor frame gq can be
calculated [3] as equation

R T
§q=§§q®5w (3)

The orientation of the earth frame relative to the sensor frame,
the angular rate at time t called as ng,t, Sw,t Tespectively at sam-
pling period At.

With gt‘]t_l being the previous estimate of orientation:
S . l S A~
Edpt = Eeqq ® St (4)

2ot = Fe1 + £, (At (5)
With the accelerometer value ay, ay, a, the Madgwick for yaw
estimation includes four main steps:
Step 1:Rate of change calculation
—q1Wx — q2wWx — 3wz
qowx + 2wz — q3Wy
qowy — q1Wz + q3Wwx

qowz + 1wy — qawx

Step 2:Corrective step computation 8s based on gradient
descent algorithm

4q0q3 + 2q2ax +4Goq3 — 2q;ay

44,q35 — 2g33x + 4G3q, — 2qody — 4q; ++8q3 + 84, 43 + 4q;23; 7

49392 + 2qoax + 492 G5 — 2q3ay — 4Gz + 8q2q3 + 843 + 4q2a,

4¢2qs - 2qrax + 4¢2qs — 2023,

Step 3:The quaternion change rate 8q can be corrected
with 8s, calculated in (7), and integrated as follows.

Aq = Aq - B8s (8)
qg=A4Aq 9)
qc = Gp-1 + AG' At (10)

Step 4:Yaw calculation

yaw = tan~1( 41492 + qo 93
05-q5-a3
Where {3 is the divergence rate.

With the absence of magnetometer, the Madgwick yaw suffers
a large drift from the gyroscope because the accelerometer can not
detect the vertical axis’s body change. Hence, the combination with
NMNI filter is the promising approach that will be represented in
detail in section IV.
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2.2. Mahony filter

The Mahony filter corrects the rotation vector S, based on a
Proportional Integral (PI) controller on the correction vector. The
error vector is defined as below:

e=axd (12)

Where a is the accelerometer vector, d is the gravity vector’s direc-
tion as given by the estimated attitude.
Generally, the Mahony algorithm is expressed as following steps
where Ki and Kp are the integral and proportional adjustable gains.
Step 1:Estimation of gravity vector d from quaternion

4193 — qGoq2

d = 2 | 9091+ 9293 (13)

%+ﬁ—%
Step 2:Calculation of error vector

e =axd
Step 3:Vector integration calculation

In=1I,_1 + eKi At (14)
Step 4:Proportional vector

® =w+Kp+1In (15)

Step 5: Rate integration of change using g = %q R@w'
1 /
qn = qn-1 + j‘]n—l ® w At

, / ,
—1Wy — 2wy — (30,

/ , / (16)
_ 1 Jowy + quz - Q3wy
=1t , , ,
Gowy — q1W; +q3wy
Qow; + 410, — G2,
Step 6:Yaw calculation
P 4192 + qo 43
yaw = tan <O5—q2— 2) (17)
. 2 — 45

2.3. Kalman filter

Kalman filter is a useful tool to remove the random noise by
using the prediction and update [42]. In this case, the angular veloc-
ity fuses with a magnetometer to reduce the magnetic heading’s
unexpected variation.

Kalman model:

Xt41 = F.X[ + Bt.ut —+ Wt (18)
Zey1 = HoXepr + Ve (19)

Where x;, x;,1 are the system’s state vectors at time tand t+ 1, ur is
the input vector at time t, z;, 1 is an observation (or measurement)
attimet+1

e F is the state transition model that relates the current states to
the next states

e B isthe control input model which is applied to the control vector
Ut;

e H is the observation model that maps the true state space into
the observed space

e w¢ is the state transition noise is attained by a zero-mean normal
distribution with the process noise covariance matrix Q[k] with
wt ~ N (0, Q).
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Fig. 3. Kalman filter for heading estimation.

Qacc —-AT
k] = 20
QIk] [ 0 o bias} (20)
This matrix includes the estimated state from the accelerometer
variance Qacc and the variance of bias Qbias multiplied by the time

interval AT.

e Like w¢, with Ris the variance of the measurements, v; is the noise
measurement v¢ ~ N (0, R).

The heading estimation from magnetometer:

X

Y = tan~! (%) (21)

Where my, my are magnetic field measured surround axis x, axis y
respectively.

Eq. 21 yields local magnetic heading, which may happen to be
the opposite of proper heading, and often deviates by as much as
20-30° from the latter one. To minimize the noise, the yaw esti-
mation from the magnetometer fuses with w, from the gyroscope.
Here, w, with AT candetect the proper value of yaw for a short time,
which is a good tool to minimize the short-term distortion on head-
ing estimation. As aresult, the Kalman filter generates accomplishes
the fusion yaw, as demonstrated in Fig. 3.

3. The NMNI algorithm

Firstly, n samples are collected from the angular velocity bias Z;
and then averaged as the turn-on zero-rate level Z;,; to be removed
from the next data Zgy[K].

n

Zhas= ) = Z (22)
i=0

Zgy[K] = Zgy[K] — Zpiqs (23)

This step is essential for the integration progress to reach the
actual value from the sensor.

3.1. “No Motion No Integration” principle

Usually, the gyroscope calculates the yaw by integrating the
angular rate from the z-axis, called Zgy. However, the drift mis-
leads the obtained result especially when the sensor stays at rest.
[9]. The NMNI has the mission to eliminate every single portion
which contributes to this drift problem

In the start-up phase, the sensor is in a no-motion state. The
abs value of Zgy is stored with the index of the sample as i (i is an
integer number corresponding to the window size, i = 1), then the
filter will keep a Zgy with the highest value as 1st threshold.

Zipn= max{|Zgy[1]], |1Zgy[2], . . .|Zgyl[i]} (24)

Where Zy, is the first threshold as the boundary between stationary
and dynamic conditions.

Afilter is used to select the maximum data as Z;, becoming the
boundary between static and dynamic circumstance. The principle
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works on the comparison between real-time measured Zgy[k] and
threshold value Zy,.

® Zgy [k] > Zy, — sensor is in the dynamic case.
® Zgy [k] < Zy,— sensor is in the static case.

Here, the gyroscope characteristic can be varied due to the tem-
perature change [43], so the Z;;, should be updated in real-time as
described in the next section.

3.2. Frame for “Renovating model for A Z,”

This model aims to update the threshold Z, guarantee the sys-
tem'’s stability because the offset can be varied due to the noise or
long-time operation. In this part, two stages are described in detail
to demonstrate the update process of the NMNI system, including
2 stages:

Stage1 generates the checking period by using based on the time
loop and the time from the stopped moment to that cycle end.
This checking procedure is the practical way to decide whether the
NMNI system should renovate the value of Z,.

Stage 2 creates the condition for threshold update.

The renovating model for A Z, is processed under a virtual
frame, as shown in Fig. 5.

Stage 1. Timer (the 1 st condition)

Firstly, the programming system is implemented in the real-
time clock following the structure below

*While ()

T_start // (starting time of a loop)

T_end // (ending time of a loop)

Here, each time the sensor stays at rest, a new time clock is set
called T_rest, indicating the moment sensor just pauses its motion.
The user may select one or more cycles (optional) depending on the
time loop and application type.

Time loop = At1 = T_end — T_start (25)

The checking time on behalf of the number of cycles in which
the user wants to check whether |Zgy| > Z threshold during the
immobile period. In this case, this condition is satisfied, that Zgy
will be the new Z esholq- Otherwise, the Zyresholq has remained as
of old value that shows that the gyroscope still works at the same
circumstance as before

At 1 st state, the time remaining from T_rest to T end:

At2 =T_end — T_rest (26)

Time_check is counted as the amount of time after the sensor
stops as 2nd state in Table 1.

Time_check = c x Atl + At2 (27)

Where c is the number of cycles, the user would like to check.
The user should compromise between Time_check and the paused
time of application. In this case, c = 1 so the checking period of
threshold will be the sum of the time execution from stop moment
to the loop end and a next time loop.

The executive order of the time clock is established following
the below regulation (Table 2).

Stage 2. Updating threshold (UT-the 2nd condition)

In the 2nd condition, to avoid updating the Z;, in the sensor’s
slow motion, an UT was considered to assure the whole operating
system’s accuracy.

The 2nd condition to update the Zy, is implemented as:

|Zgy| - Zn < UT (28)

At this step, if the user sets UT too small — the Z, slowly
updated and even ignored many cases satisfied the 1 st condition.
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Table 1
Kalman operating principle.

Prediction Update

Estimation State (a priori): | Innovation :

Xe+1 =F X+ B Ves1 = Zer1- HXeqq

Error covariance: Innovation covariance :
P=FPFT+Q S=HPHT+R
Optimal Kalman gain:
K=PHTS!
State estimate (a posteriort):

Xe+1= Xe41t K Y
Estimate covariance:

P=(I-KH)P

/

Table 2
The order of time execution before and after setting timer.
Index 15t state (T.rest just triggered)
1 T_start
2 T_rest
3 T-end

Sensor stops
moving

Set timer

Il

Checking period
generation

During each T_check

If |Zgy| > Zin AND |Zg,| - Zuy < ARS
( T_check)

> Zn=|Zy|

Fig. 4. NMNI update model.

If the user sets UT too high — Z;;, update also in the dynamic
period or inappropriate value due to spike and the value is incorrect.

Hence, the UT should be equivalent to Angular rate sensitiv-
ity (ARS), which is up to each gyroscope’s datasheet. The slowest
motion leads to the least significant bit (LSB) variation and 1 LSB ~
ARS.

3.3. Overview of the NMNI model

“Renovating Model for Z threshold” is processed to help the sys-
tem prevent the “drift” most effectively and achieve the proper
estimation for yaw. The system was illustrated in Fig. 4.

During the static state, each checking period:

If|Zgy| > Z;nAND|Zgy|-Ziy < ARS — newZy, = |Zgy|

With the implementation of the “NMNI” algorithm, the head-
ing measurement will be improved apparently. The loop can be
repeated every time the sensor stays at rest to check the update for
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Bias Compensation
Z1+2Z2+Zn
Zbias=——

Zgy = Zgy — Zbias

!

stores i Y of Zgy
W={Zgl,|Zg2l>.. |Zgyl}

Filtering the greatest value among executed
samples as a first threshold
Zgy max = Z threshold
* The sensor is still at stationary->Setting timer

->Update Z threshold
* The sensor starts moving-> Pass to next step

e
|

Sensor in motion: |Zgy| > Z threshold ‘

] |

Yaw evaluated correspondingly to sensor motion
2

Yaw Integration: f ZgyAt
a

Sensor stop moving: |Zgy| < Z threshold ‘
->Yaw is fixed at value which it just reaches

Fig. 5. Overview of NMNI system.

the threshold value until the sensor’s next motion. Fig. 5 shows the
whole system of the NMNI algorithm.

4. Filter fusion Madgwick/Mahony and NMNI

When the sensor stays on a slope, the sensor frame is differ-
ent from the Earth frame, so the Gyroscope yaw does not rely on
the rate integration of the z-axis only but also the other two axes.
Meanwhile, Madgwick and Mahony filter is able to calculate the
orientation of the sensor frame relative to the earth frame by the
quaternion and the gradient descent algorithm.

Furthermore, the quaternion has a good command of rotating
a vector from the body frame to the Earth frame that is practically
useful for the slope’s IMU sensor operation. Fig. 6 shows the fusion
process between Madgwick/Mahony filter with NMNI algorithm.

Basically, before entering the Madgwick or Mahony filter, the
gyroscope data pass through the NMNI filter firstly.

® Zgoy > Zihreshold — S€NSOT is in motion: wy, wy, w, enter the Madg-
wick filter normally.
® Zgoy < Zthreshold — SENSOT is stationary: wy, wy, w, have zero value.

This fusion technique overcomes the dynamic integration prob-
lem on the NMNI filter’s slope and the random drift of the Madgwick
filter without magnetometer.

5. ‘Improved NMNI’ model

At this point, the NMNI filter has superiority in yaw evaluation
because the noise of the accelerometer and magnetometer does not
influence it. Meanwhile, the hybrid between Madgwick and NMNI
is the optimized solution when the sensor on the slope.

Thus, a completed version of NMNI was integrated, relied on
the best features from both algorithms, and divided into 2 modes
as shown in Fig. 7:
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il Gyroscope N

N (Wx, Wy, W) /

L

NMNI Filter:

|Zgy| Z threshold |Zgy| < Z threshold

Ox = Ox mxzmy=mz=0
Oy= @y \
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Fig. 6. The fusion between Madgwick /Mahony and NMNI block chain.

g —
//// N i
' . Mode2
{ 0 \
NO [Stope| > 1 ) Sensor fusion ‘NMNI +
of Madgwick’ algorithm
\\ ,/ \ /
~— - k, 5
TR T
—
Mode1
NMNI algorithm
\

Fig. 7. The improved NMNI block sequence.

e Mode1: Sensor frame is the same as the Earth frame. The NMNI
filter independently works at this circumstance to achieve the
highest efficiency of yaw estimation.

e Mode2: Sensor frame and the Earth frame are different due to the
slope case. At this time, the ‘Improved NMNI works as the sensor
fusion ‘Madgwick and NMNTI.

6. Experimental setup

The experimental sensors are the LSM9DS1 from STMicroelec-
tronics [44,49], which is made up of accelerometer, gyroscope and
magnetometer. Here, the accelerometer works in range of +4 g, the
gyroscope range is & 245°/s, full magnetic scale is +8 G. The bias of
gyroscopes is + 0.015°/s and accelerometer bias is about 11.25 mg.

The algorithms has been implemented into an ARM Cortex-
M4 based microcontroller STM32F401RE by STMicroelectronics
[45,46], with NUCLEO-F401RE [47,48]. The sensor is connected to
the MCU development via an Inter-Integrated Circuit (12C) commu-
nication line.

The oriental device is the Pan-Tilt Unit Controller (PTU-C46)
[50], which has a resolution 0.051° per position with accurate
positioning of cameras. The LSM9DS1 is assembled on PTU-C for
tracking Euler angles like Fig. 8.

The concerned model has a critical role in a wide range of appli-
cations such as robotics process automation or navigation. For
example, the robot arm needs to rotate to the right for 30° for

Fig. 8. Test bench for experiment.
1. Power Supply cable for PTU-C
2. AC/DC Power Supply

3. PTU-C Controller

4. 7ft Cable

5. PTU-C46 Pan Tilt Unit

6. RS232 cable

7. NUCLEO-F401RE Board

8. LSM9DS1 Sensor

9. USB Mini Cable

10. Computer with Keil uVision & STM32CubeMX program

picking an object. This procedure requires high precision of yaw
measurement to guarantee the robot arm moves at correct angle.
In navigation, side-to side movement of the vehicle is important to
detect for the ship or car, etc. since the GPS signal can be lost or
poor due to external interference from obstacle and region.

7. Experimental analysis

To achieve a stable transferring signal between the sensor and
the computer, the Output Data Rate (ODR) of accelerometer and
gyroscope was set at 119 Hz, equivalent to 0.008 s of time period.
Besides, the magnetometer ODR is 80 Hz, about 0.0125 s of period.
Hence the system acquisition carried out at 119 Hz for the filter
without magnetometer and at 80 Hz vice versa.
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— NMNI technique on Zgy data

Period 2

)
_— 0 I
% -1 Ra.aw data
T ~—— Bias removed only
> — — - NMNI optimization
-
N
-3
-4
0 20 40 60 80

Time (s)

Fig. 9. NMNI technique on Zgy.

Table 3
Zgy variation at static case.

Z-GY NOISE VARIATION ABOUT A MINUTE

Variation (°/s) Raw data No bias After NMNI
Mean 2.854 0.058 0
Standard deviation 0.071 0.044 0

After many simulations with adjustable parameters, the best
value of each algorithm factor for the experiment was chosen to
operate at their high effective performance as follow:

e Madgwick:3 = 0.42.
e Mahony:Kp = 0.6; Ki=0.01
e Kalman:Qacc = 0.01; Qbias = 0.03; R=0.01.

7.1. ‘NMNTI’ algorithm on gyroscope behavior

In the 1st part of the experiment, the angular rate of Zgy is
characterized to demonstrate the working process from initial bias
removed to NMNI technique. The red line shows the raw data of
Zgy; the green line shows the signal after bias extraction, and the
NMNI optimization displays on the blue line with the marker as
Fig. 9.

e Period 1: 190 raw samples are collected to remove the bias of the
gyroscope.

e Period 2: the 1st threshold value is filtered from the next 119
samples.

After the first 1.6 s, the initial bias is removed then the 1st thresh-
old is filtered after 1 s to generate zero-noise signal continuously at
the stationary position. It is easy to observe that despite initial bias
elimination, the Zgy still varies considerably Table 3 reports the
noise variation in absolute value. NMNI technique works perfectly
in the role of noise elimination.

The NMNI filter function was examined on the yaw measure-
ment, calculated by gyroscope at the static point. As shown in
Fig. 10, the drift pulls down the yaw value dramatically, about 1°
per second. However, after applying the NMNI filter, the yaw was
maintained around 0° without any strange spike. Here, the test was
directly observed from the state where 1st threshold was already
collected.

For 60 s, the table value is obtained from the large number of
data (~ 7140 samples). Here, numerous samples were calculated
for behavior observation of long-term drift.

Table 4 indicates the huge advanced feature after applying the
NMNI filter.
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2(I)\!MNI Technique on Gyroscope Behavior

0
.20t ]
Z
& 40! A
& 40
-60 After Optimization
Before Optimization
-80 . . .
0 20 40 60 80

Time(s)

Fig. 10. Static drift of Gyroscope Yaw before and after optimization.

Table 4
Analyzed data from Gyroscope drift.

GYROSCOPE DRIFT BEFORE AND AFTER NMNI ALGORITHM UNDER
STATIC CONDITION

Yaw drift (°) Before After
min 0.015 0
max 63.075 0
mean 31.403 0
Standard deviation 18.199 0

NMNI Technique on Dynamic Case
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Fig. 11. NMNI filter on Yaw measurement from gyroscope.

For the dynamic drift test, the device PTU-C was controlled from
0° to 90° back and forth for a minute. Each time the PTU-C reaches
the edged points: 0° or 90°, this device is in stillness in a concise
period of time due to inertia, which is the resistance of a physical
object to change in its direction of motion. With this motion inertia,
it is easy to observe the cumulative drift of gyroscope characteris-
tics without an optimized solution.

It drifts down about 50 degrees because the integration accu-
mulates the noise over time and turns noise into the drift, which
yields incorrect results. The yaw is only maintained in the right
range after the NMNI filter removes the noise. Fig. 11 shows the
improvement of gyroscope drift before and after using the NMNI
filter

To verify the stability and accuracy of the NMNI algorithm, the
sensor was tested by rising and declining processes with differen-
tial step 30° in the range (0°, 90°). Each indicated angle remained
continuously for 1200 samples to observe the gyroscope drift.
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760 YAW TEST OF 'NMNI' ALGORITHM
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Fig. 12. Yaw behavior for testing stability after NMNI filter.
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Fig. 13. Yaw behavior after long time operation.

Table 5
Madgwick static drift analysis.

Yaw drift (°) Before Fusion After Fusion

min 5.871 0.010
max 179.96 0.064
mean 39.766 0.041

Standard deviation 111.559 0.007

The sensor perfectly attains the appropriate angle at the rising
process, and almost no drift occurs during the stationary interval.
When the sensor is moved down from 90° to each 0°, the angles
only slightly vary respectively to the rising process as shown in
Fig. 12. The system successfully realizes the static state to prevent
the drift at this state successfully and detects the dynamic state to
follow the physical sensor motion properly.

Another test was carried out to observe the yaw behaviour after
long time of operation. In this test, the sensor stays at the static
point of 0° for 50 min, then starting the rotation from 0° to 60° then
returns to 0°. After staying at the rest for 5 min, another rotation is
carried out from 0° to 60°, then resting for a minute before spinning
back to 0°. The speed of PTU-C rotation is about 20°/s. As shown in
Fig. 13, the yaw has good command of tracking the device rotation
in term of long-time operation.

7.2. NMNI on sensor fusion

The 2nd part tests on the Madgwick without magnetometer. And
as shown in Fig. 14, the yaw drift of Madgwick is speedy, and when
it reaches the —180°, it flips to 180° just for less than a minute. Con-
sequently, the Madgwick filter cannot be used for yaw estimation
without magnetometer [25]. The NMNI corrects the signal behavior
and keeps it at the proper value as reported in. Table 5.
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NMNI Technique on Madgwick Filter
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Fig. 14. Madgwick static drift (no magnetometer) before and after fusion.

NMNI technique on MAHONY Filter
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Fig. 15. Mahony static drift (no magnetometer) before and after fusion.

Table 6
Mahony static drift analysis.

Yaw drift (°) Before Fusion After Fusion
min 5.342 0.282
max 57.924 0.413
mean 31.407 0.372

Standard deviation 15.217 0.043

Similarly, the Mahony yaw suffers the large drift as shown in
Fig. 15, approximately 1° /s, and it only behaves in the right way
after fusing with the NMNI method. There is only small variation
on the fused Madgwick and fused Mahony due to the acceleration
components (Table 6).

7.3. Comparison of the positioning algorithms

The precise experiments were built in both dynamic and static
circumstances for Madgwick with the magnetometer, Kalman, and
NMNI filter to observe a new algorithm’s pros and cons. The hybrid
of Madgwick and NMNI filter is also recorded on the table result,
and its graph will be demonstrated separately in the next part for
a clear illustration.

For the dynamic test, the PTU-C rotates 11 turns continuously
at three velocity levels 30°/s, 40°/s, and 60°/s, as demonstrated in
Fig. 16. The data evaluation is calculated by the Root Mean Square
Error (RMSE).
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Table 7
Error calculation under dynamic condition.
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ESTIMATION ERRORS UNDER DYNAMIC CONDITIONS

PTU-C Speed (°/s) Madgwick with magnetometer RMSE (°) Kalman RMSE (°) NMNI RMSE (°) Mahony + NMNI RMSE (°) Madgwick + NMNI RMSE (°)
30 0.75 0.68 0.34 0.67 0.70
40 0.77 0.95 0.34 0.84 0.72
60 0.86 1.37 0.48 0.95 0.78
Table 8
Error calculation under static condition.
ESTIMATION ERRORS UNDER STATIC CONDITIONS
PTU-C angle Madgwick with magnetometer RMSE (°) Kalman RMSE (°) NMNI RMSE (°) Mahony + NMNI RMSE (°) Madgwick + NMNI RMSE (°)
0 0.65 1.29 0.01 0.08 0.03
30 0.73 0.59 0.35 0.40 0.41
60 0.61 1.33 0.72 0.86 0.67
90 1.55 0.95 0.77 1.51 1.09
166 PTU at 30 DEG/S 60 SLOPE IMPACT ON STATIC YAW AT 30 DEGREE
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Fig. 16. Test reference for dynamic case at various speeds.

As recorded in Table 7, the higher speed of motion conducts
more considerable RMSE because it is more difficult for the MEMS
sensor’s internal cells to catch up and react to high velocity.

The Kalman filter has considerable RMSE at high speed of
motion. When the rotation reaches high speed, complex mathe-
matic requires a longer time of operation. The NMNI and Madgwick
filter show impressive achievements. Their fusion accomplishes a
smaller value of Madgwick RMSE but higher than the NMNI ones
in dynamic and static analysis.

For the static test, PTU-C was controlled to indicate from 0° to
90° with a differential step at 30°, 100 samples were extracted from
each angle to calculate the RMSE like Table 8. Larger angle, bigger
RMSE, the NMNI, and fused Madgwick have better accuracy than
others, while Madgwick with magnetometer estimation is quite
balanced from until 60°. The Kalman has the most significant error
at the starting point, but it is better at a successive angle.

7.4. Slope case

For the inspection of the slope case which is the most sensitive
situation for IMU sensors. The analysis focuses on:

e The static slope: the yaw was kept at a constant angle, but the
pitch was varied from 0° to 45°.

Kalman Yaw
Madgwick Yaw
—— NMNI Yaw

e

n L L

20 40 60 80 100 120
Samples

[42]
o

S
o

Yaw ( Degree)
8

N
o

-
o
o

Fig. 17. Influence of slope on static yaw.

e The dynamic slope: the pitch was always kept at 45° (highest pos-
sible tilt of PTU-C configuration), then, the device continuously
from 0° to 90° and vice-versa about 11 turns.

7.4.1. Static slope (PTU only inclines, no yaw rotation)

Fig. 17 and Table 9 demonstrate how slope influences each algo-
rithm differently. In the case of Madgwick with magnetometer and
fused Mahony filter, the higher value of the angle is more suscepti-
ble to the slope alteration. In contrast, the slope shows less impact
on the Kalman filter when yaw increases.

Both NMNI and its fusion with Madgwick are immune to the
static slope. The yaw measured by the gyroscope mainly depends
on the z-axis and when the slope rises or lows down, only making
the change of data from the X-axis or Y-axis.

Logically, the Madgwick yaw varied due to static slope according
to its mathematic equation in the corrective step. However, after
fusing with NMNI, all the gyroscope angle rates have no value when
the Z-axis has no motion. Thank to this feature, the fusion filter has
a minimal change in this case. The vibration of PTU-C only causes
little fluctuation during its operation.

7.4.2. Dynamic slope (PTU inclines and rotates the heading)

The more formidable challenge is set up for NMNI and its filter
fusion. The PTU tilts 45% then turns back and forth from 0° to 90°
at the velocity of 60°/s, as shown in Fig. 18. The acquired results
have a small delay with respect to reference because of Serial Port
Transmit Data and Receive Data.

The advantage of filter fusion over independent NMNI is exam-
ined in the dynamic slope. This test was only carried out with the
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Table 9
Error calculation under static slope condition.
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ESTIMATION ERRORS ON STATIC SLOPE

PTU-C angle (°) Madgwick with magnetometer Kalman RMSE NMNI RMSE Mahony + NMNI Madgwick + NMNI
RMSE variation (°) variation (°) variation (°) RMSE (°) RMSE variation (°)
0 1.34 37.99 0.01 1.09 0.03
30 11.69 24.14 0.01 1.67 0.03
60 22.05 11.47 0.01 1.94 0.03
90 30.88 2.38 0.01 2.01 0.03
Reference Table 11
80 Overall data of 'Improved NMNTI filter in the static case.
60
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0 . . . . .
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Fig. 18. Comparison between 3 fused filters on dynamic slope.

Table 10
Error comparison between 2 fused filters under dynamic slope condition.

DYNAMIC ESTIMATION ERRORS ON SLOPE

PTU-C Speed (°/s)  Mahony + NMNIRMSE (°)  Madgwick + NMNI RMSE (°)

30 0.81 0.69
40 0.83 0.82
60 0.87 0.87

3 algorithms that are less vulnerable to the static slope than the
previous table. The yaw result from the NMNI gyroscope only can
reach approximately 65° while the PTU-C spins to 90° dues to the
missing integration portion when the sensor frame differs from the
Earth frame.

Nevertheless, with the support of the Madgwick and Mahony
filter, the NMNI yaw is obtained at the proper angles thanks to
its self-contained ability for deriving global orientation that is
extremely helpful for monitoring body kinematics. Table 10 indi-
cates the superior performance of fused

Madgwick over fused Mahony under the slope condition.

8. ‘Improved NMNI’ performance

As reported in Tables 11 and 12, the completed algorithm with
the name ‘Improved NMNI' comprises two pros from independent
NMNI and ‘Fused Madgwick'. In the case the sensor frame is the
same as the Earth frame, the ‘Improved NMNI’ works as indepen-
dent ‘NMNI’; otherwise, this algorithm follows the operation of
‘Fused Madgwick.’

10

IMPROVED NMNI UNDER STATIC CONDITIONS

PTU-C angle (°) Madgwick + NMNI RMSE (°)
0 0.01
30
0.35
60 0.72
90 0.77
Table 12

Overall data of 'Improved NMNT filter in dynamic case.

IMPROVED NMNI UNDER DYNAMIC CONDITIONS

PTU-C Speed (°/s) DYNAMIC RMSE (°) DYNAMIC ON SLOPE RMSE (°)

30 0.34 0.79
40 0.34 0.82
60 0.48 0.90

9. Conclusion

The paper described a new algorithm to explore the gyroscope’s
full potential in the role of orientation tracking. The NMNI filter,
as well as other powerful filters, were implemented into the IMU
sensor appropriately under the verification of accurate positioning
device PTU-C46. As a result, the NMNI filter can collaborate with
other types of filters like Madgwick to strengthen its performance
in the global orientation that brings fresh filter fusion ideas.

The experimental results indicate that NMNI achieves a high
efficiency of yaw estimation with small ERMS, maximum of about
0.77° at 90° for static and 0.48° at the dynamic case. The magne-
tometer function was successfully implemented into Kalman and
Madgwick for yaw measurement that operates well when the sen-
sor frame and Earth frame are aligned.

For the slope case, the combination of the NMNI technique with
Madgwick and Mahony filters accomplish high accuracy in heading
estimation and overcome the concern of iron distortion, thanks to
the absence of magnetometer. This filter opens a new approach
for the gyroscope evolution, opening a new way about Euler angle
estimations with the only gyroscope. The proposed method opens
anew approach to heading measurement and potentially becomes
a promising key in orientation with less complicated but effective
processes.
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