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Abstract: For an electrical six-degree-of-freedom Stewart platform, it is difficult to compute the equivalent inertia of each motor
in real time, as the inertia is time-varying. In this study, an analysis using Kane’s equation is undertaken of the driven torque of the
movements of motor systems (including motor friction, movements of motor systems along with the actuators, rotation around
axis of rotors and snails), as well as driven torque of the platform and actuators. The electromagnetic torque was calculated ac-
cording to vector-controlled permanent magnet synchronous motor (PMSM) dynamics. By equalizing the driven torque and
electromagnetic torque, a model was established. This method, taking into consideration the influence of counter electromotive
force (EMF) and motor friction, could be applied to the real-time dynamic control of the platform, through which the calculation of
the time-varying equivalent inertia is avoided. Finally, simulations with typically desired trajectory inputs are presented and the
performance of the Stewart platform is determined. With this approach, the multi-body dynamics of the electrical Stewart platform

is better understood.
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1 Introduction

The Gough-Stewart platform was first proposed
by Gough (1956). In 1965, it was used as a 6-degree-
of-freedom (6-DOF) motion platform for a flight
simulator (Stewart, 1965). Since then, owing to its
advantages of high rigidity, high accuracy, and high
load-carrying capacity, the Stewart platform has been
adopted in flight and vehicle simulators (Koekebak-
ker, 2001), high-precision machining centers (Ting et
al., 2004), force-torque sensors (Kang, 2001), and so
forth.

In recent years, researchers have focused on the
kinematics and dynamics of the Stewart platform
(Shim et al., 1997; Yiu et al.,, 2001; Khalil and
Guegan, 2004; Gao et al., 2005). Several methods,
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such as the Lagrange equation (Geng et al., 1992), the
Newton-Euler equation (Dasgupta and Mruthyunjaya,
1998; Fu et al., 2007) and Kane’s equation (Liu et al.,
2000), have been proposed to derive the dynamic
equations of the Stewart platform. Compared with the
Newton-Euler method and Lagrange formulation,
Kane’s equation is more straightforward and
systematic.

Two schemes are commonly applied in the con-
trol of the Stewart platform: task-space control (Kim
and Lee, 1998; Liu et al., 2000) and joint-space con-
trol (Dasgupta and Choudhury, 1999; Omran et al.,
2009). The first control scheme maps the joint space
displacements to the task space through the direct
kinematics, whose framework is multi-input multi-
output (MIMO). The second scheme is developed by
controlling each actuator of the platform as a
single-input single-output (SISO) system. Consider-
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ing the fact that the direct kinematics of the Stewart
platform has no closed form or unique solution, the
task-space control has some limitations in the ex-
perimental application.

Assuming the effect of actuators inertia was
negligible, Fichter (1986) obtained a simple formula
for computing the actuating forces for a Stewart plat-
form. But as Ji (1993) pointed out, when the inertia of
the load was not much larger than that of the actuators,
the effect of actuators inertia is no longer negligible;
thus, accurate modeling of dynamics including ac-
tuators is required. The electrical Stewart platform,
however, contains two special movements: motor
systems’ movements with the actuators; rotors and
snails’ rotation around the axis. Few studies have
mentioned these two movements before, and also,
little published work exists on the electrical Stewart
platform full dynamics, including actuation and
control.

The permanent magnet synchronous motor
(PMSM) has a great number of applications in in-
dustries, due to its compact structure, high power
density, high torque/inertia ratio, and absence of rotor
losses. Its performance, however, is very sensitive to
parameter variations and external disturbances. To
overcome the weakness, many control techniques
such as sliding-mode control (Wai, 2001), robust
proportional-integral-derivative (PID) control (Jan et
al., 2008), and neuro-fuzzy control (Elmas et al.,
2008) have been developed.

In the Stewart platform, the external load of
PMSM is time-varying, which is generally concerned
with the equivalent inertia of each motor. Because of
the complexity of the Stewart platform, it is very
difficult to compute the equivalent inertia in real time.
Concerning the electrical 6-DOF Stewart platform, if
one built the torque-force balance equation in motor
dynamics, the time-varying equivalent inertia of each
motor would have to be calculated in real time, or the
model of the platform would not be precise.

To solve the problem of the equivalent inertia’s
calculation in real time, this paper deals with an im-
proved multi-body dynamic model to calculate the
required torque, and the building of PMSM dynamics
to compute the electromagnetic torque, followed by
the development of the precise, full dynamics of the
platform. The original idea was that the torque-force
balance equation is realized through only the Stewart

platform dynamics, and the PMSM dynamic is not
involved in the torque-force balance equation. We
derive the dynamics of the Stewart platform based on
Kane’s equation. By changing the torque-force bal-
ance equation scheme, this method avoids the calcu-
lation of the time-varying equivalent inertia and can
be used to analyze the performance of PMSM in the
Stewart platform. This paper also deals with the
analyses of the two special movements of the elec-
trical Stewart platform and the calculation, through a
numerical simulation, of their influence.

2 Mechanics of the Stewart platform

In this section, improved multi-body dynamics
to compute the whole driven torque of the Stewart
platform is built, including the movable platform, the
actuators, and the motor systems.

The 6-DOF Stewart platform (Fig. 1) consists of
a movable platform, a fixed base, and six extendable
actuators.

B yv,(v,)
(b)

Fig. 1 Schematic view of a 6-DOF Stewart platform
(a) Side view; (b) Vertical view

To clearly describe the motion of the movable
platform, we define a reference frame Op-XyYbZp
fixed to the base and a platform frame Op-X,YpZp
attached to the movable platform. y=[x,y, z, ¢, 6, 1//]T
is the vector of the movable platform generalized
coordinates. Five parameters can describe the plat-
form structure: upper joint radius r,, lower joint radius
I'n, UPPEr joint spacing d,, lower joint spacing dy, and
middle actuator length ;.

2.1 Kinematics analysis

The schematic view of a single actuator is shown
in Fig. 2. Each actuator is driven by a corresponding
motor, while the torque/force of the actuator is
transmitted from synchronous belt and snail. Pa-
rameters subscript i represents the ith actuator.
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ASpherical joint

Rotating
actuator part / /)

Fig. 2 Schematic view of a single actuator
Each actuator is driven by a corresponding motor, while the
torque/force of the actuator is transmitted from synchronous
belt and snail

The platform generalized velocity is defined as
i=[t" '], )

where { is the translation velocity of the platform,
and e is the angular velocity of the platform.
The actuator vector [; is given by

| =t+Ra’ —b, @)

where t=[x, y, z]" is the translation vector of the plat-
form, a’ is the position vector of the upper joint in
the platform frame, b; is the position vector of the
lower joint in the reference frame, and R is the rota-
tion matrix.

The velocity of the upper joint v,; can be de-
scribed by

v, =t+ox(Ral)=J, 4, ®)

where J_  is the Jacobian between the platform and

the upper joint velocity.
Defining the transmission ratio between the rotor
mechanical angular velocity ami and the actuator

linear velocity I, as iy, the am; can be described by

o =il =iy, (1161 (@x (RaP)) =3, 4. (4)

where Ini=1/||li||, and J,, 4 is the Jacobian between

the platform velocity and the rotor angular velocity.
The rotor mechanical angular acceleration am;
can be written as

m,| _IOI(In|Va|+ITV )

n,i‘a,i

=i9,||nT,iV +IHIVa|[ |nj a,i ©
[l

where Py, is the projector to the (hyper)plane with
normal vector Iy ;.
The actuator angular velocity is given by

BV (6)
"

Defining the mass center of the moving actuator
part and the rotating part as ac and bc, respectively,
thus their velocities and acceleration can be described
as

Voi =Voi @, x (=1l ) =J

acaiVair
Vi = Jaca|Va|+‘]aca| ait
Viei = 0, ax () =30,V ai (7
Vici =cha.Va. +JpcaiVair

where ry is the distance from point ac to the upper
joint, ry is the distance from point bc to the lower
joint, Juc 4 is the Jacobian between the upper joint and
the moving actuator part velocity, and Jpcai is the
Jacobian between the upper joint and the rotating
actuator part velocity.

The acceleration of the upper joint can be de-
scribed by differentiating Eq. (3):

v, =t +ox(Ra) + o x (o x(RaP))

J, o8-l P2y, (8)

where P, =1 -, 0, .
2.2 Multi-body dynamics analysis

2.2.1 Movable platform dynamics

Based on analyzing the movable platform, the
dynamics of the platform is governed by
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In short,
nJ;—,q(Z)Ta = Mp(l)q+cp(xlq)q+Gp(x) (10)

Herein T, is the motor electromagnetic torque matrix;

Joa(x), Ln, and AP are the matrices consisting of Joq

lni, and a’, respectively; Ker is the force-torque
conversion coefficient between the actuator force and

the motor torque; mj is the mass of the platform; @ is
a skew-symmetric matrix representing operator ;

Ip = RI§RT, where I;’ is the inertia matrix of the

platform in the platform frame; 7=Kg1/ig is the
transfer efficiency; My(y) denotes the mass matrix of
the movable platform; C (x,§) contains the Coriolis

and centripetal terms of the movable platform; Gy(y)
represents the gravitational effects of the movable
platform.

2.2.2 Influence of the actuator inertial forces

In the dynamics modeling, the gimbals are as-
sumed to rotate frictionlessly, and the inertia of both
actuator parts rotating around the actuator direction is
neglected. Therefore, the mass properties of each
actuator part can be described by two parameters, the
mass and the inertia around an axis orthogonal to the
actuator direction. Mass m, and inertia i, are taken for
the moving part of the actuator, and (my, ip) for the
rotating part.

The inertial force generated by the movement of
the moving actuator part is described at the upper
joint as

a T P T . ]
fma‘i = Jac,a,i mavac‘i = ‘]ac,a,ima (‘] ac‘a‘iva,i + ‘]ac,a,iva,i)
= Ivlma,i\./a,i + Cma,iva,i 1 (11)
T T i
Ivlma,i = ‘]ac,a,i ma‘Jac,a,i ' Cma,i = ‘Jac,a,ima‘]ac,a,i'

The gravitational forces of the moving actuator
part and the rotating actuator part can be described at
the upper joint as

G, = JaTc,a,imagv (12)
Gl?,i = ‘]I;rc,a,imb g (13)

The inertial forces generated by the inertias of
the moving actuator part and the rotating actuator part
can be taken together. Defining p, as the position
vector of the upper joint, the inertial forces can be
described at the upper joint (Koekebakker, 2001):

f& . =M. . v . 4+C_ ..V

iaib,i iaib,i “a,i iaib,i “a,i" (14)
2.2.3 Influence of motor systems’ mechanical move-
ments

Rotor and snail are rotating around their axes
while the motor system is moving with the rotating
actuator part. For the first movement, we define their
total inertia in the motor frame as ig; for the second
movement, we define their mass and translational
inertia (including the motor and snail) as ms, is.

The inertial force generated by the rotation of
rotor and snail can be described at the motor axis:

IT

] .. . .. 1
TRH,i =lk8n; =Rl Ve + IRIG,IV:Ii (mpmjva,i (15)

=MgiVei + CrriVai-
The motor friction can be given by

f’ =B,o

m“m,i?’

(16)

where B, is the viscous friction coefficient.
T, and ffﬁ can be projected onto the platform
generalized coordinates, resulting in

{ fTR,i = ‘]{;Ti,qTFf,i = J;,q MTR‘iVa‘i + ‘];;,qCTR‘iVa‘i’ (17)

fe :J;q ff(i =J, B NP

0,,g=m

Using Egs. (13) and (14), the inertial forces
generated by the movement of the motor system can
be described at the upper joint as

Gljans,i :‘JT im g’

bca,i'''s

(18)
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fISaI Sl —— (M
i, + |b

=M._v . +C_vV

Is,1 " a,1 is,i a,i"

V +C|a|b| a|)

ia,ib,i " ai

(19)

2.2.4 Stewart platform dynamics

The total inertial forces generated by the actua-
tors and the motor systems can be described at the
platform coordinates as

6
g* Z (fmal + f|:|b| +G:,i +Gg,i
- (20)

+Gr?13|+f|5|)+2(fTR| )

Combing Eqg. (10), the total inertial forces of the
Stewart platform are

f =1, + M, ()4 +C,(x.0)d+G,(x). (21)

On the other hand, the active forces can be given
by
f=nd) T.

0,q - a*

(22)

Using Kane’s method, the Stewart platform dynamics
can be written as

nd,,T. = M ()6 +C,(x.4) + G, (1),

Ms(l) = Mp(l) +Z‘];,—,qMTR,iJa,,q
i=1

+i(J;,q(Mma,i
i=1
6
CS(LQ) :Z(‘];
+‘]T (CTRl a;,q + Bm‘](},,q)q
e 3;

+ Mia,ib,i + Mis,i))‘]ai,q’

(Cma,i +C +Cis,i)‘]ai ,qq

ia,ib,i

oMy + M + M;)P,a’

_"C()” JT MTRlpwalp)—'—Cp(X’q)q!

G, (x) =Gp(x)+ZJ;,q(GZ,i +Gy, +Grg),
i=1

(23)

where Ms(y) is the mass matrix of the Stewart plat-
form, C,(x.,4) contains the Coriolis and centripetal

terms of the Stewart platform, and Gs(y) represents
the gravitational effects of the Stewart platform.

3 PMSM driven mechanical system model

The PMSM driven system (Fig. 3) consists of a
speed controller, a reference current regulator, a hys-
teresis band current controller and a three phase pulse
width modulation (PWM) inverter.

3-phase 7
Ve full bridge \PMSM
inverter 6.

A A
S,...S

Cl
Hysteresis
band current
controller
Y WY W

P Y S
i
as
Speed
controller

a v

A A A

Reference
current
regulator
A

6,

T

()
Fig. 3 Block diagram of the speed control of a permanent
magnet synchronous motor (PMSM) drive

Vpc is the DC link voltage; ipc is the DC link current; 6,, is the

rotor mechanical position; i, i, i; are the reference phase

currents; iy, iy, ic are the actual phase currents; «; is the ref-

erence speed; w;, is the actual speed; the speed controller gen-
erates control current by using speed error e,

The typical model of a PMSM in the synchro-
nous rotor-rotating reference frame (dg) can be de-
scribed as (Chen, 2006)

Ugs = Ryl + Ly Pigg — o, Ly, (24)
Uy = Riige + L, iy + o, Ly + oy, (25)
Ta = P|:l//riqs +(Ld - Lq)idsiq3:|’ (26)

where (igs, igs), (La, Lg), and (ugs, Ugs) represent stator
currents, stator inductance, and voltages in the rotor-
rotating frame (dq) respectively, T, is the electro-
magnetic torque, Rs is the stator resistance, y is the
stator fluxes, p is the differential operator, P is the
number of pole-pairs, and «x is the actual speed.
Through realizing igs=0 by applying field-oriented
control, the model of PMSM can be rewritten as



756

Uy =~ Ly, (27)
Uy = Riige + L, i +€, (28)
& =aY,, (29)
Ta = Pl//riqs = Kmiqs' (30)

where ey is the back electromotive force (EMF),
Km=P .

Considering the parameter variations, the elec-
tromechanical equation of the PMSM is

79 g o -1 T,
dt

m

(31)

o, =Pao,_, (32)

where J_ is the uncertain inertia, B, is the viscous

friction coefficient, T is the load torque, and o is the
rotor mechanical velocity.

The simplified block diagram of the field-
oriented controlled PMSM driven system is shown in
Fig. 4.

4 PMSM driven Stewart platform
4.1 Integrated system

We need to solve two problems for modeling the
full Stewart platform dynamics.
Problem 1 Itisdifficult to compute the time-varying

parameter J_ in real time.

As far as the electrical Stewart platform is con-
cerned, its torque-force balance equation is generally
built by motor dynamics, such as Eq. (31); hence, we
encounter and must deal with this problem. Due to the
highly nonlinear, strong coupling and parameters
variations of the Stewart platform, it becomes im-

possible to compute J_ in real time.
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By realizing the torque-force balance equation
through the Stewart platform dynamics, we change
the modeling strategies. In detail, except for the
movements of the movable platform and actuators,
the movements of motor systems, including the motor
friction, rotors and snails’ rotation around the axis,
and motor systems’ movements with the actuators, are
also analyzed using Kane’s equation. PMSM dy-
namics is used to calculate only the electromagnetic
torque.

Problem 2 For an electrical Stewart platform, how
to analyze the influence of back EMF?

In the Stewart platform dynamics, the actual
rotor position and speed are calculated, and then fed
back to the PMSM dynamics; thus, the full Stewart
platform dynamics are developed.

The back EMF eq is in direct proportion to e,
and ax has been computed using the Stewart platform
dynamics.

Finally, the full Stewart platform dynamics are
shown in Fig. 5.

4.2 Controller design

In the analog control system, the most popular
controller is the PID controller, which is a linear
controller. According to the given value rin(t) and the
actual output value you(t), we constitute the control
error

error(t) = 1, (t) — You (t). (33)

The PID control law is

u(t) = Kerror(t) + K, jerror(t)dt +K, %error(t), (34)

where Kp, K|, and Kp are the proportional, integral,
and differential coefficients, respectively.

Ky ) 1 wgl n
7, S+1 S J.S+B, S
(o ]«
[Pa e
1 e
L=

Fig. 4 Simplified control block diagram of the field-oriented controlled PMSM driven system
Garr, Gasr, and Gacr are the position loop, speed loop, and currents loop controllers, respectively; Ky/(zyS+1) is the
simplified transfer function of the PWM inverter (Chen et al., 2004); Ky is the inverter magnification ratio; zy is the in-
verter delay time constant; o and /8 are the speed and current feedback coefficient, respectively
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PMSM driven system dynamics

Mechanics of
the Stewart platform

ian|Z.
Cartgsmn “[Mnverse K, Ugs 0
desired kinematics| | LS+R
trajectory 7,5+1 X\ >
Ml
Ble

[Py

A

Fig. 5 Full dynamics of the Stewart platform driven by a permanent magnet synchronous motor (PMSM)

In Fig. 5, all of the controllers Gapr, Gasr, and
Gacr are PID controllers. The controller parameters
are designed in accordance with the engineering de-
sigh method of Chen (2006), and can be fine-tuned
according to experience.

5 Simulation

Consider a real application, whose main parame-
ters of the Stewart platform are shown in Tables 1-4.

Since the characteristics of the 6 DOFs of the
Stewart platform are different, it is difficult to achieve
the optimization simultaneously for them. By

Table 1 Structure parameters of the platform

Parameter Value (m)
Upper joint radius, r, 0.8
Lower joint radius, 1y, 1.1
Upper joint spacing, d, 0.2
Lower joint spacing, dy 0.3
Middle actuator length, ;o 1.86

Table 2 Parameters of the permanent magnet syn-
chronous motor (PMSM)

Parameter Value
Power 5150 W
Rated speed, an 314 rad/s
Rated current, I, 134 A

Number of pairs, P 4

Torque constant, K, 1.5 N-m/A
Stator inductance, L, 6.9 M-h
Stator resistance, R 0.7Q
Viscous friction coefficient, B, 0.00792 N-s/rad
Inverter magnification ratio, Ky 50.7 VIA

Table 3 Parameters of the load and conversion coefficient

Parameter Value
Platform mass, m, 950 kg
Actuator’s moving part mass, m, 30 kg
Actuator’s rotating part mass, my 50 kg
Rotor and snail mass, mg 27.6 kg
Rotor and snail inertia, i 6.66x10 % kg/m?
Force-torque conversion coefficient, 250 N/(N-m)

Ker

Table 4 Limit conditions of the Stewart platform

Parameter Value
Actuator length, |; 1.535-2.2m
Peak speed, @max 600 rad/s
Peak current, I ax 42 A

optimizing the controller parameters, the available
frequency response curve is as shown in Fig. 6, which
can be calculated using the ‘linear analysis’ tools in
Matlab.

In Fig. 6a, the —3 dB point can be found at
14-15 Hz for the directions of surge (x1), sway (x2),
and yaw (xs), whereas the bandwidths are lower for
the directions of roll (y4), pitch (xs), and heave (x3),
which are about 11-12 Hz. Put simply, all the band-
widths of the 6 DOFs are above 10 Hz; thus, the
platform has a satisfactory dynamic response.

In Fig. 6b, the frequency response curve of surge
has a resonance peak, so its adjustment time is the
longest and position tracking ability is the worst.
Therefore, the surge is taken as an example to analyze
the position and orientation tracking performance of
the Stewart platform.
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Fig. 6 Frequency response of the Stewart platform

(a) Bode plot; (b) Step response

The Cartesian desired trajectories of the platform
are assumed to be

Surge: y, =0.1sin(2rx 0.2t) m,
Sway : x, =0.2sin(2m < 0.2t) m,
Heave: y, =0.3sin(2mx 0.2t) m,
Roll: y, =5°sin(2r x 0.3t),
Pitch : y, =10°sin(2m x 0.3t),
Yaw : x, =15°sin(2m x 0.3t).

(35)

Assuming an external impact load is forced on
the movable platform, its formula at the platform
coordinates can be written as

Fext =(0,0, inext’o’ol 0),
3 500N, 2.5<t<2.52,
et ) 0N, otherwise.

(36)

With the proposed model, we can obtain the
curves of position tracking (Fig. 7), motor speed
(Fig. 8a), and the electromagnetic torque (Fig. 8b).

0.2
——Surge in 0.3r ) 04,
----Surge out — Swayin )
01 0.2} - - -- Sway out Heave in
al = . 0.2¢ ---- Heave out
£ 01t £
s c
0.0 % 00 :g 0.0
[
€ o1} £
0Lr (@ 0.2}
-0.2+ (b)
02 . 0.3 : . . - : -0.4 . . . : .
0 1 2 ) 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s) Time (s)
0.2y 0.3 — Pitch in 0.4r — Yawin
— Rollin itchout | Yaw out
---.Roll out 0zl - - - Pitch out
0.1f 0.2}
-r'é 0.1r g
0.0 2 00 2 00
j=2} j=2
= f=
<.01f <
-0.1F -0.2+
(d) 02F (e) ®
-0.2 L L L L S 0.3 s s s L s -0.4 L L s L y
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s) Time (s)

Fig. 7 Simulation results for surge (a), sway (b), heave (c), roll (d), pitch (e), and yaw (f) tracking
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Fig. 8 Simulation results for motor speed (a) and electromagnetic torque (b)
Wmi (i=1, 2, ..., 6) represents the motor speed of the ith actuator, and Tai (i=1, 2, ..., 6) represents the electromagnetic

torque of the ith actuator

In Fig. 7, the Stewart platform can achieve a
good position tracking of the desired trajectories, and
the error of each DOF can be acceptable. In Fig. 8a,
the motor speeds can quickly reach the required value
at the beginning and track the input command
smoothly. In Fig. 8b, the motor electromagnetic
torques have some shocks and overshoots at the be-
ginning only, and can be stabilized in about 0.15 s.

Though the external impact load is forced on the
movable platform at 2.5 s to 2.7 s, the position track-
ing and the motor speeds do not change at all. Only
the electromagnetic torques have some shocks, and
these can be stabilized in a short time. Therefore, the
Stewart platform is robust to external load.

To analyze the influence of the actuator inertial
forces and the motor systems’ mechanical movements,
three single surge position commands with equal
amplitude, but varied frequency, are implemented to
the Stewart platform, as shown in Egs. (37)—(39). The
actual torque and the torque without the influence are
as shown in Fig. 9.

The Cartesian desired trajectories of the platform
are assumed to be

Surge: x, = 0.01sin(2xt) m, (37
Surge: x, = 0.01sin(4xt) m, (38)
Surge: y, = 0.01sin(6xt) m. 39

Fig. 9 shows that with increase in the input
command’s frequency, the electromagnetic torque’s
amplitude, the motor systems” influence ratio, and the
actuators’ influence ratio are wholly multiplied.

1 Ta
16 2 - - - - Ta_without motors
| 3-—— Ta_without motors or actuators

Electromagnetic torque (N/m)
©

: @
0
L L )
0.0 0.5 1.0 15
Time (s)
28
s 1 Ta
E 24 2---- Ta_without motors
Zz 20 3 ------- Ta_without motors or actuators
®
g 16]
=]
o 12
@
c
[=))
I
£
S
©
Q
w
L L
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)
1—Ta
T 30 2---- Ta_without motors
> 3 ------- Ta_without motors or actuators
Y
>
=3
8
L
ki
c
j=2]
I
£
<}
°©
K
[T
L L L L )
0.0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 9 Electromagnetic torque with 1 Hz (a), 2 Hz (b), and
3 Hz (c) position command



760 Meng et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2010 11(10):751-761

To further quantitatively analyze the influence
ratios of actuators and motors, the peak-to-peak am-
plitude error is applied as the evaluative standard:

A

a a_without |

emor,, =——————

| A,

a

x100%,  (40)

where A; is the peak value of the torque T, and

A

a_without

By varying the amplitude and frequency of the
input command, we can list the calculation results as
in Table 5.

is the peak value of the torque T, without-

Table 5 The influence ratios of the actuators and the
motors

Ratio_1 Ratio_2

Simulation Desired trajectory %) %)
1 x, =0.01sin(2xt) m 4.0 16.1
2 7, = 0.01sin(4xt) m 8.8 19.9
3 = 0.01sin(6xt) m 13.2 22.9
4 %, = 0.1sin(0.3xt) m 3.8 17.3
5 x, =0.1sin(0.6nt) m 8.2 20.1
6 X, =0.025sin(2xt) m 6.0 20.0
7 x, =0.3sin(0.1xt) m 2.3 16.2
8 . =0.3sin(0.2at) m 3.2 16.4

Ratio_1: the ratio of motor systems dynamics to Stewart platform
dynamics; Ratio_2: the ratio of actuators and motor systems
dynamics to Stewart platform dynamics

Due to the limitations in the motor speed, the
motor current, and the actuator length, the input
command of the Stewart platform must be feasible,
which means a low amplitude command can have a
high frequency, but a high amplitude command must
be of low frequency.

In Table 5, simulations 1-3, 4, 5, 7, and 8 show
that Ratio_1 increases as the input command’s fre-
guency multiplies. Moreover, simulation 3 shows that
Ratio_1 can be up to 13.2%. Comparing simulations 1
and 6, we can see that the amplitude’s increase also
leads to the increase of Ratio_1. All simulations show
that Ratio_2 is within the range of 15%—-23%.

In addition, Ratio_1 is much higher in high
frequency and low amplitude maneuver than in low
frequency and high amplitude maneuver.

Therefore, the influence of the motor systems
and the actuator inertial forces cannot be ignored.

The simulation shows that the PID controller can
be used in the development of an electrical Stewart
platform, despite the fact that the PMSM system
works under the condition of parameter variations and
external load disturbances.

Using the model, we can also obtain a series of
curves of the actuators position, actuators speed,
motor current, rotor velocity, rotor angular tracking,
and so forth. Therefore, the proposed model can be
used to analyze the real system.

6 Conclusions

The development of a novel dynamics modeling
of a PMSM driven 6-DOF Stewart platform was
studied. Not only was the calculation of time-varying
equivalent inertia avoided, but also the influence of
motor system mechanical movements, counter EMF
and motor friction was considered. Finally, simula-
tions with typical desired trajectory inputs were
conducted and the performance of the Stewart plat-
form was obtained. The proposed methodology can
be extended to electrical serial or closed-chain ma-
nipulators and simulators.

Numerical simulations show that, under specific
conditions, the influence of motor system mechanical
movements can be up to 13.2% and the influence of
actuator inertial forces can be up to 14% (20%—6%).
Therefore, the effect of motor systems cannot be
considered negligible, especially in high frequency
and low amplitude maneuvers. In addition, under the
PID control, the Stewart platform is robust to the
disturbance of the external load and has a good dy-
namic response with the bandwidths up to 10 Hz.
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