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Abstract— This paper presents closed-loop state feedback
motion control of a heavy-duty hydraulic manipulator using
solely micro-electro-mechanical systems (MEMS) rate gyro-
scopes and linear accelerometers for joint angular position,
velocity and acceleration feedback. For benchmarking, incre-
mental encoders with 2 million counts per revolution are also
used to supply the joint motion state feedback. The two motion
state estimation methods are compared using Cartesian path
trajectory closed-loop control experiments with both position
feedback-based proportional control and motion state-based
feedback control. The experiments show that the proposed
MEMS-based state feedback control yields comparable tracking
results compared with the high accuracy encoder. Furthermore,
the MEMS-based angular acceleration estimation in particular
is free from typical differentiation induced noise amplification
and post-filtering phase-lag.

I. INTRODUCTION

Hydraulic control systems suffer from inherent low system
damping and thus an increase in damping is needed to allow
a higher open-loop controller gain for high performance
tracking control [1]. In servo-hydraulics, closed-loop pole
placement is a well-established approach that requires full
state feedback from actuator position, velocity and acceler-
ation or a state observer design, see e.g. [2].

High accuracy and resolution joint position measurement
is relatively straightforward with commercial contact-type
angular sensors, such as magnetic or optical rotatory en-
coders that can easily provide accuracy of more than 1 arcsec.
However, in addition to a high price, the drawback of this
technology is two-folded. Firstly, these sensors require a
mechanical contact interface to the manipulator rotating axles
that is subject to wear and failures in harsh outdoor environ-
ments. Moreover, due to mechanical interface complexity
and high precision mounting requirements, these sensors
are costly to install to new manipulators joints and even
more expensive to retro-fit into existing machines. Secondly,
obtaining low-noise low-delay estimates of the joint angular
velocities and angular accelerations is a less trivial task.

Whenever first and second order time derivatives of po-
sition are indirectly computed at high sampling rates using
the traditional approach of single/double differentiation of
position, or using predictive post-filtering on the differenti-
ated signals, high-frequency perturbations and quantization
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effects are greatly amplified, e.g. [3]. Likewise, linear state
observation and Kalman filter techniques avoid the need of
differentiation but require system models to be available [4],
[5], which may not be simple. Time-based encoder pulse
counting techniques rely on high resolution time stamps to be
available of encoder pulse count events, which typically leads
to the use of external timer/counter hardware and increases
the system cost further [6].

We consider full state feedback motion control of a heavy-
duty hydraulic HTAB 031 manipulator, where micro-electro-
mechanical systems (MEMS) components are utilized for a
low-cost “strap-down” implementation. We will counter the
aforementioned problems of indirect motion state estimation
by applying a novel multi-MEMS configuration we have
recently proposed in [7]. The axle-wise contact-free direct
motion state sensing is founded solely on MEMS rate
gyro and accelerometer readings, since metallic frames of
many robotic manipulators make optional MEMS sensors
such as magnetometers [8] often unusable. By geometrically
modeling the linear and angular motion effects involved, we
can reconstruct the HIAB 031 manipulator’s “true” joint po-
sitions, angular velocities and angular accelerations directly
without unwanted phase delay or distortion.

The focus of our paper is on manipulator vertical plane
high-bandwidth motion control for analytical simplicity. To
allow a fair performance verification, the developed MEMS-
based state feedback controller is compared to state feedback
control results obtained using highly accurate incremental
encoder feedback with an angular resolution of 2 x 10° in-
crements per revolution. Our robotic Cartesian space motion
control experiments show that the dynamic response and path
tracking performance of the cost-effective and easy-to install
MEMS-based full state feedback controller is comparable to
the high accuracy encoder results. Therefore, we consider
the applied low-cost MEMS configuration promising and
a significant step forward from our earlier motion control
case [9], where a 1-DOF hydraulic mock-up was studied.

This paper is organized as follows. Sect. II provides the ba-
sis of the motion state estimation using MEMS components.
Application of the estimated motion states in closed-loop
state feedback control is also presented. Sect. III presents
the experimental work, where our latest results concerning
MEMS-based full motion state estimation of a multi-body
linkage assembly in relatively fast motion are applied to the
full state feedback control of full-size heavy-duty of HIAB
031 hydraulic manipulator. Finally, Sect. IV discusses the
results and draws the relevant conclusions.
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II. MANIPULATOR MOTION MODEL AND ESTIMATION

In this section, we provide a geometrical observational
model for motion state estimation of a multi-body manipu-
lator based on MEMS rate gyroscopes and linear accelerome-
ters. The presented estimation approach is applicable to fully
three-dimensional motion for a manipulator consisting of an
arbitrary amount of rigid bodies. Then, the widely-applicable
full state feedback motion control is also discussed briefly.

A. Direct manipulator motion state estimation using MEMS
accelerometers and rate gyros

Consider an open-chain manipulator fixed to a base plat-
form. Three-dimensional frames of rectangular (ryz) axes
are attached to the center of each joint and the two links
are directed along their y-axes. Let R; denote the 3x3 body

ground frame RO /"
Y/
‘/L’ st z . qth
1™ frame R, X i+1" frame R;4;

i frame R;

Fig. 1. Rigid body observation model
fixed rotation matrix, det(R;) =1 and RiT =R, L relating
the ™ link frame to the inertial reference frame XYZ. The
kinematic chain is illustrated in Fig. 1 where the lengths of
the links are denoted by ;.

The angular rate output of a MEMS gyroscope attached
to the ™ link can be expressed as

Qi = (I +8)Q +bi + py € R, (1)

where (2; is the true rate value, [ is the identity matrix, S;
is the scale factor error expressed as a percentage of €,
b; denotes a constant or slowly varying gyro bias, and p
denotes additive measurement noise. In view of the rigid
body assumption, an estimate of the angular velocity of the

i™ joint in Fig. 1 can be given by
i—1
Gi = Qi +bi — Y R Ry, € RP! (2)
m=0

denoting that the estimated joint angular rate w; is the mea-
sured angular velocity of the i™ link 2;, with the estimated
angular velocities of each of the preceding joints subtracted
from it. Note that we have introduced Bi to cancel the bias
in Ql

The linear acceleration output of a MEMS accelerometer
attached to the i link can be expressed as

=+ 8)(vi —

where S; is the scale factor error, ¢ is the gravitational field
=|goles, |go|~=9.8 m/s?, b, is a bias term, and y, denotes

RYg) 4+ by + pg € R, (3)

additive measurement noise. Ideally, the instantaneous linear
acceleration v; can be given as

a; X di +wi X (w; X dy) + 4)
i—1

Z ((RZ-TRkak) X dy, +

k=0

v, =

(R;TRkwk) X ((R;FRkwk) X dk)>

where X denotes the cross product, «; is the true angular
acceleration of the i joint, w; is the true angular velocity of
the i joint, the vectorial distance from the i joint rotation
center is

d; = [0 p! p;]" =pi (5)
and for the other rotation centers
i—1
d, =Rl > R0 1y, 0] + d; ©6)
m=k

for a low number of coordinate system transforms. If six
linear accelerometers are attached to the i link (Fig. 2) and
are organized into three pairs, we may write a direct estimate
of the angular acceleration of the i joint as follows:

(a7 — a7 — o7)/d’ - ator
G = | —(a7 = af — 03) /7 + 77 ™
(ot ol oy s — ot

where the superscripts x,y, z denote the orthogonal sensing
axes of the MEMS sensors on the i link. Here we account
for the acceleration of the preceding joints according to (4)
by calculating

i—1 _

> (R Redn) x (0] = pi) + ®)
k=0

(R Ryéon) x ((RY Ryon) x (pl — pi)))

for a configuration of extra accelerometers positioned at

O'j =

0 dz®
pi=pit | & | pi=pi+| 0 ©)
0 0

so that d/* >0 and d7?#0. By then computing an algebraic
estimate of the instantaneous linear acceleration ¥;, we may
estimate two degrees of freedom of the “true” link inclination
rotation matrix R; in fast accelerative motion since, for a
triaxial accelerometer located at p;, the above yields

~ —Rlg. (10)

a; — U5

Here the required estimates of angular velocity (2) and ac-
celeration given by (7) can be obtained without complicated
transforms. The configuration related to the estimates (2),
(7), and (10), which are next used for closed-loop motion
control of a heavy-duty hydraulic manipulator, is shown in
Fig. 2.

The HIAB 031 manipulator with the MEMS configuration
is shown in Fig 3, where the three estimated kinematic
quantities are practically lag-free as no differentiation is
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i+1" joint

Fig. 2. A configuration of six linear accelerometers and a triaxial rate gyro
attached to the i link. The extra single and biaxial accelerometers with their
sensitive axes shown are used for direct angular acceleration sensing.

required. Note that because of low angular dynamics of the
manipulator, the effects of the MEMS scale factor errors can
be considered small. Under the rigid body assumption, real-
time estimates of the joint angles can be given by

bi=0; — 01, i=1,2, (11)

which denotes pair-wise subtraction of successive link in-
clination estimates éi of the “true” rotation matrix R;.
The “ground” frame’s rotation around x-axis is here simply
included by using the horizontal position with respect to the
gravity as our reference, i.e. o =0 deg. High-bandwidth
estimates of 6; are available by applying complementary
and Kalman filtering to the accelerometer and gyroscope
readings, please see [7] for further discussion.

Fig. 3.  MEMS sensor configuration on the hydraulic manipulator, Iy =
Om /3 = 1.6m,l2 = 1.65m,m = 475kg. For clarity, we assume the
base platform’s rotation Rg = I, where [ is the 3 X 3 identity matrix.
The MEMS on the first link are located at points p; = [0 0.21 0.23]T m
and p} = [0 1.33 0.16]7 m respective to R1. The MEMS on the second
link are at points p2 = [0 0.24 0.22]7 m and p = [0 1.32 0.145]" m
respective to Ra. The initial inclination misalignment between the MEMS
sensor orientations and the first link angle was 6.8 deg and 7.7 deg on the
second link.

B. Hydraulic manipulator closed-loop state feedback control

Assuming a linear time-invariant system and treating all
gravitational, inertial, centripetal and frictional terms as
external disturbances, a hydraulic closed-loop position servo-
system can be modeled with a linear second order transfer
function between valve control input and joint velocity as

Ky ~w721
82 4+ 26,wns + w2

12)

where V(s) and U(s) are the output velocity and control
input, K, is the actuator velocity gain, d,, is the natural
damping ratio and w,, is the natural frequency of the sys-
tem [10]. A linear model of a full state feedback closed-loop
control system can then be represented as shown in Fig. 4.

Although a simplification, the use of a linearized model
is typically more relevant from the control perspective, since
many applications of various control strategies rely on the
use of a linear model. The control system consists of an
inner second order velocity control loop with feedback gains
K, and K,, an outer unity feedback, and a gain K, for the
position error. Incorporating the feedback gains K, and K,
into the transfer function (12) the inner velocity control loop
becomes

Vi(s)

Hvel(s> - U(S)

K, w?
- a0 @n . (13)
$2 + (20pwn + Ko Kgqw?)s + (1 + K, Kyq)w?

Comparing transfer functions (12) and (13) we can see that
the servo system with state feedback has a new damping

ratio
5/ . 20, + K Kqqwn

n = (14)
21+ KKy
and a new natural frequency
w, = wn\/1+ KyKga. (15)

From (14) and (15) it can be seen that the system damping in-
creases with the acceleration feedback gain K. The natural
frequency of the state feedback control system increases with
the feedback gain K, but at the same time, the damping ratio
becomes smaller. Finally, the closed-loop transfer function
from the reference position input X (s) to the position output
Y (s) for the control loop in Fig. 4 is given by

Y(s)

Hetl) = X(5)

(16)

where Y (s) = K, K qw?

and X (5) = 5% + (20,05 + Ko Kgaw?)s?+
(wiy + Ko Kgawy)s + KpKgawy,-

In the experiments to follow the presented controller is
applied individually to both joints of the manipulator and
all coupling effects between the joints are seen as external
disturbances to the joint controllers, which are not considered
in this study.
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Fig. 4. State-feedback controller

Table I gives the system parameters for (12) that were ex-
perimentally identified for both joints in the operating region
during the motion control experiments. The natural frequency
was identified by observing the period of oscillation when the
joints were controlled in open-loop and brought to a sudden
halt. The natural damping ratio was identified from the decay
rate of the oscillation.

TABLE I
MANIPULATOR SYSTEM PARAMETERS

Jointl | Joint 2
wp, (rad/s) 18 18
on () 0.05 0.05
Kqq (rad/s) 1.3 1.9

III. EXPERIMENTS

The Cartesian trajectory motion control experiments with
the MEMS-based closed-loop state feedback were performed
on a HIAB 031 manipulator, which was installed on a rigid
base as shown in Fig. 3. A load mass of 475 kg was
attached to the end of the manipulator. The fluid flow to
the lift and tilt cylinders, both ¢80/45-545 mm in size, were
controlled by directly operated NG10 size servo solenoid
valves. The nominal flow rates of the valves controlling
the lift and tilt cylinder were 100 I/min (Ap=3.5 MPa per
control notch). The bandwidth of the valves was 100 Hz
for a £5% control input. The hydraulic power supply was
set to 19.0 MPa supply pressure. A PowerPC-based dSpace
DS1103 system was used as a real-time control interface to
the servo valves and for sampling of the joint sensors at a
rate of 500 Hz (Ts = 0.002 s). The MEMS sensor chips are
8.5 x 18.7 x 4.5 mm in size containing a digital 3-axis £2g
accelerometer integrated with a one x-axis £100 deg/s gyro
by Murata [11]. The best case-inclination resolution of the
MEMS accelerometer is 0.56 - 1072 rad when parallel to the
ground. The MEMS gyro resolution is 0.35-10~3 rad/s. The
frequency range of the MEMS components is 30 Hz for the
accelerometer and up to 50 Hz for the gyroscope.

In order to verify the developed MEMS-based closed-
loop feedback performance, Heidenhain ROD 486 encoders
outputting 5000 sine waves per revolution were also installed
on the HIAB 031 manipulator to serve as high accuracy
reference joint sensors. Connected to IVB 102 units for 100-
fold interpolation and with each incremental pulse further
sub-divided by 4 in the DS1103, the final encoder position

resolution was 7+ 10~% rad. Therefore, it can be concluded
that the Heidenhain encoder reference sensors provide at
least 100 times more accurate position feedback compared to
the MEMS sensors. Interface to the MEMS sensor modules
was through the CAN-bus operating at 1 Mbit/s.

To allow comparison of the MEMS-based state feedback
control to encoder based state feedback, the joint velocity
and acceleration were estimated from encoder feedback with
a general finite difference method suited for real-time control
applications (see [12]) defined as the discrete difference of
the encoder position with respect to time ¢ given by

n—1
wi(t) ~ %ch bi(t — kTy) (17)
k=0
where the weights C =[53 1 —1 —3 —5]/35 yielded the
best performance. The joint acceleration «; was obtained by
applying a second order difference operation to the encoder
position given by

n—1
o (t) ~ %ZBk@(t—szs) (18)
S k=0
where the weights are B=[5 —1 —4 —4 —1 5]/28.

As the rated frequency response of the MEMS components
extends up to some 50 Hz, several higher frequency phenom-
ena such as structural vibrations and pressure ripple in the
fluid propagating from the hydraulic power unit are present
in the accelerometer outputs. Considering the relatively low
frequencies of motion of the hydraulic manipulator under
study, these high frequency effects can be safely filtered from
the angular acceleration feedback signals without causing
control loop instability. For this task a geometric moving
average (GMA) filter was used where the most recent input
u(k) is weighted by ~ and past values are weighted by
(1 — ). The filter is defined as a recursive equation

gk = (L —=¥)gk—1 +yu(k). (19)

The value v = 0.04 was experimentally identified to yield
a suitable compromise between disturbance attenuation and
low phase lag. To enable comparison, the same filter was
also applied to the angular acceleration estimated from
encoder position with (18). Figure 5 illustrates the resulting
acceleration feedback signals when using encoder feedback
or MEMS feedback. Additionally, an artificial dead-zone was
introduced to the MEMS acceleration signal as the used
hydraulic valve has a high bandwidth up to 100 Hz for a
45% control input and thus the noise floor of the acceleration
signal is translated into valve spool movement. The used
angular acceleration dead-zone was set to 0.2 rad/s2, which
was also applied to the angular acceleration estimated from
encoder position. These two techniques, the simple GMA
noise suppression filtering and the introduction of an artificial
dead zone, were found robust in our previous paper [9].

A. Position controller tuning

The state feedback controller can be designed using direct
pole placement, deriving the gains from position control
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Fig. 5. Estimated angular acceleration & during arbitrary motion using
encoder feedback (dotted line) and MEMS feedback (black line).

settling time requirements or by using common criteria based
on various error measurements between the desired and plant
system model response e.g. ITAE. As the purpose of the
experiments is to compare two different feedback schemes,
specific controller performance criteria are not defined. The
state controller gains K, K,, and K, were tuned iteratively
by first finding the position gain value K, where oscillation
begins. Then the gain K, was increased until the oscillation
was removed. After this, the gain K, can be increased
again until the stability limit is reached. However, as shown
in (14), the use of velocity feedback gain decreases the
system damping and as the aim of this study is to increase the
system damping and control the motion oscillations, the use
K, was omitted. The resulting controller gains are shown
in Table II. Note that with MEMS acceleration feedback
the gain K, mems 1S more than doubled compared to the
encoder feedback. Although applying the optimal difference
operator (18) and the GMA filter (19) the resulting encoder-
based angular acceleration still contains large disturbances,
as shown in Fig. 5, which limit the maximum stable value
of Kgenc. In view of (14) the values in Table II yield new
theoretical values for the natural damping ratios with MEMS
feedback as dp, mems =~ 0.64 and 9y, mems = 0.39. With
encoder feedback the damping ratios are d,,, ene ~ 0.34 and
Ony enc =~ 0.24 for joints 1 and 2 respectively.

TABLE I
STATE FEEDBACK CONTROLLER GAINS

Kp K’U Kaenc Kamems
Joint 1 15 0.0 0.025 0.05
Joint 2 10 0.0 0.011 0.02

To be able to determine the effectiveness of state feedback
control, a proportional position controller was also imple-
mented, where the controller structure is identical to that of
Fig. 4 with the gains K, and K, set to zero. The maximum
stable gain K, for the proportional control was identified as
K, = 5.75 which was used for both joint controllers and
both feedback cases.

B. Cartesian motion control experimental results

The position P ,) of the manipulator corresponding to
given joint angles ¢; and ¢- can be obtained through forward
kinematics by applying straightforward geometric principles.
The resulting available manipulator workspace allowed by
¢1 and ¢- is presented in Fig. 6 along with the Cartesian
path used for the closed loop motion control experiments.
The required manipulator joint angles for the point P, ..
traveling along the illustrated path are determined using
inverse kinematics in a similar geometric fashion.

Fig. 6. HIAB 031 manipulator theoretical workspace (dotted line), available
workspace with mass m attached (solid line), and driven Cartesian motion
path (dashed line).

The path for the desired point P, for each line
segment along the Cartesian path with respect to time ¢
follows the fifth-order polynomial

zq(t) = rd + it + 5t 5t it £ rE5 (20)
ya(t) = rf +rit+rft® + o463 +rft + 000 2D

which is a rest-to-rest type path (see e.g. [13]) i.e. with no
acceleration at the rest points along the path. The polynomial
coefficients 77 and r} were recalculated to yield a desired
path transition time of t; = 3.25 s between each path
segment. Figure 7 illustrates the resulting Cartesian velocities
of the driven path when using proportional (P) control and
state feedback control along with the desired velocity profile
of the trajectory. The effect of the acceleration feedback is
especially evident in the last segment of the path, where the
considerable velocity oscillation is effectively dampened.

The path tracking accuracy of the control schemes can be
evaluated using the distance

ee =V (xa — )2+ (ya — y)?

as the tracking error measurement, where x,y is the ma-
nipulator position calculated from the encoder joint position
readings. The resulting dynamic path following errors are
illustrated in Fig. 8. Note that despite the 100-fold ad-
vantage of the encoder in position resolution, the tracking

(22)
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Fig. 7. Desired Cartesian path = and y velocity (dotted line) with estimated
path velocities using P-control (left column) and state feedback control (right
column). The feedback source was encoder (grey line) or MEMS (black
line).

performance using MEMS position feedback is practically
identical. Similarly with state feedback control the difference
in tracking performance between the high accuracy encoder
and the low-cost MEMS approach is very small with the
MEMS feedback yielding occasionally even smaller errors.

Figures 9 and 10 illustrate the outputs of both P-control
and state feedback control during the driven Cartesian path.
In Fig. 9 the most notable difference between the feedback
signals is the amount of noise in the encoder feedback
compared with the MEMS acceleration estimates. With state
feedback control (Fig. 10) the superior quality of the MEMS
acceleration feedback and its effect on the controller is
visible in the controller output signals particularly in the
region around 6 seconds. Due to the differentiation operation
the encoder acceleration noise is amplified greatly during
periods of slow speeds and near-zero acceleration where
the manipulator cylinder friction causes irregular movement.
Furthermore, the level of disturbing accelerations during the
driven motion path is generally lower with MEMS feedback.

1701

€. pc (mm)
oo
S

170r

851

ec spe (mm)

Time (s)

Fig. 8. P-control Cartesian path tracking error e. pc and state feedback
control tracking error e. src using encoder feedback (dotted line) and
MEMS feedback (black line).

IV. DISCUSSION AND CONCLUSION

In this paper multi-body motion state estimation based on
low-cost MEMS linear accelerometers and rate gyros was

applied to the closed-loop state feedback motion control of
a heavy-duty hydraulic manipulator. The proposed estimation
scheme of multi-MEMS accelerometer and gyro configu-
ration was used for a high-bandwidth, low noise and low-
phase lag estimation of the manipulator joint angles, angular
velocities and angular accelerations. High resolution contact-
type incremental encoders with 2 million increments per
revolution were used as state estimation benchmark.

The use of state feedback control was motivated by the
inherent poor damping qualities of the manipulator hydraulic
control system. The effectiveness of state feedback control
is evident in the Cartesian path tracking error, which was
reduced up to 70% with state feedback control. Recalling
Table II, using state feedback the position gain K, can
be increased considerably if compared with proportional
position control, which enables a faster dynamic response
and a better positioning accuracy. With the MEMS feedback
the damping ratio of the hydraulic system was improved by
a factor of 7-12. Due to the inferior quality of the encoder
motion state feedback leading to smaller usable values of
K,, the damping ratio could only be improved by a factor
of 5-7 when using encoder feedback.

As a key result, the tracking accuracy of manipulator
position control by our low-cost contact-free MEMS motion
estimation approach gives closely comparable results to that
of using expensive high accuracy contact-type encoders.
Combining a high controller sample rate necessary for
acceleration-based feedback control with comparatively slow
angular speeds of heavy-duty hydraulic manipulators, the
motion states estimated from the encoder position contain
significant noise and impulse-type perturbations.

Therefore, due to the relatively straightforward “strap-
down” installation, immunity against local magnetic distur-
bances, size, cost and robustness advantage over the contact-
type angular sensors, we consider our MEMS motion state
estimation well applicable to the control of multi-body
manipulators.
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