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Abstract: Feedforward control is an effective way to improve the joint tracking accuracy of robotic systems. This paper
presents an iterative approach for feedforward controller parameter tuning of parallel manipulators that considers joint
couplings (cross-talk). Based upon a compound control strategy, increments of the feedforward tuning parameters are
iteratively updated by minimizing the sum of squares of joint tracking errors at each step. A plant-free identification
Jacobian is formulated using the measured data associated with a number of sequential statuses within each iteration
cycle. Experiments on the 3-DOF parallel mechanism within a 5-DOF hybrid robot verify parameter convergence and the
extrapolation capability of the proposed approach. Compared to otherwise similar feedforward control not considering
joint couplings, the root mean square of joint tracking errors was reduced by up to 22% when the mechanism moved at
high speed along a path in the neighborhood of the reference configuration.
Keywords: Feedforward controller tuning; Parallel manipulators.
1.

Introduction
In the light of the invariant principle of compound control schemes, feedforward control is an effective way to improve
the tracking accuracy of multi-axis servo systems of robotic manipulators, machine tools and many other highperformance mechatronic devices [1-3]. The principle behind the feedforward control is to use the predicted axis torques
to resist against disturbances [4]. Parameter tuning is an important issue in the design of feedforward controllers.
Parameter tuning divides roughly into two categories: model-based methods and data-driven methods. In model-based
feedforward, the plant is usually parameterized as a lower–order rational function [5-9] and the model parameters are
estimated using curve fitting techniques. The feedforward control can then be implemented directly via model inversion.
Although desirable performance and extrapolation capacity can theoretically be achieved, the realistic effectiveness is
highly dependent upon the degree of dynamic complexity and practical accuracy of the parameter identification of the
system being controlled. Therefore, tremendous efforts have been made towards the improvement of identification
accuracy of dynamic parameters of robotic manipulators [10-15] though many others may not be included here. Iterative
learning control (ILC) is a typical data-driven approach that draws upon measurements of tracking error signals to enable
feedforward controller parameters to be updated via minimizing the gradient or increment of tracking errors in an
iterative trial manner [16, 17]. An obvious advantage of ILC over model-based feedforward is that it does not need
detailed knowledge of the system, although its extrapolation capacity needs to be improved. An elegant approach,
combining the advantages of model-based feedforward and ILC, has been presented that uses basis functions to reflect
dynamic behaviors and an ILC algorithm to tune model parameters [18, 19]. Satisfactory servo performance could be
achieved in terms of extrapolation capacity as well as tracking accuracy. Improvements building on this idea have had
the goals of describing higher order dynamics [20, 21], connecting with closed-loop system identification [22, 23], and
improving computational accuracy in parameter optimization using the Gauss-Newton method [24, 25]. MIMO
feedforward control methods [26, 27] have been applied to multiple-axis servo systems in which the couplings between
motion axes may have significant influence on the servo performance. These methods use finite impulse response (FIR)
filters as the basis functions of feedforward controllers. The FIR coefficients can be determined using a set of
perturbed-parameter experiments in a single trial provided that the objective function being minimized is convex, and the
tracking errors are affine in terms of the coefficients. However, these conditions may not be necessary if iterative (or
multiple trials) schemes are performed.
Inspired by the method proposed in [19], this paper deals with iterative feedforward tuning of n-DOF (degrees of
freedom) parallel manipulators by considering joint couplings, so seeking to achieve better joint tracking accuracy in the
neighborhood of a given configuration. It is a prerequisite for automatic parameter tuning over the entire work envelop of
robotic manipulators by means of polynomial interpolation or fuzzy logical/cluster algorithms. The paper is organized as
follows. After this short review of feedforward tuning methods, Section 2 briefly recalls the invariant principle of
compound control that arises from the rigid body dynamics of the system. Then Section 3 develops an algorithm that
allows the gradient of feedforward parameters to be updated using a set of measured data. In order to overcome the
difficulty to perform inverse Laplace transform and to solve the possible ill-conditioned problem encountered in the
single-axis iterative tuning algorithm proposed in [19], particular attention is focused on the formulation of a plant-free
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and full raw ranked identification Jacobian using the measured data associated with a number of perturbed-parameter
experiments in each iteration cycle. Experiments on the 3-DOF parallel mechanism within a 5-DOF hybrid robot
described in Section 4 verify convergence and the extrapolation capability of the proposed approach, before conclusions
are drawn in Section 5.
2.

Feedforward Control with Consideration of Joint Couplings
Without loss of generality, we consider a n  DOF parallel manipulator comprising essentially l limbs connecting a
base with a platform. We assume each limb contains at most one actuated joint. Then either l  n with actuated limbs
numbered 1,L ,n , or if there exists a properly constrained passive limb, l  n  1 and that limb is numbered l .
Neglecting the friction and input disturbances, the rigid body dynamics in the joint space [4] of such a manipulator can
be represented by

τ  τa  τv  τ g
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where θ and τ are the motion and driving torque vectors of actuated joints, and the latter can be expressed as the sum
of τ a , τ v and τ g associated with the inertial, Coriolis/Centrifugal, gravitational effects. Since τ v is highly
nonlinear in nature, it is a common practice to treat τ v as a viscous damping vector at the neighborhood of a given
configuration [4]. In this way, Eq.(1) can be rewritten as
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where  p and τ p represent the motion and the driving torque of the pth actuated joint; d g , p and dc, p the static
loading due to gravity, and dynamic loading due to motions of other joints; and m and h the various effective direct
and cross inertial and drag (velocity dependent) effects. The parallel manipulator is then taken as a multiple-input
multiple-output (MIMO) system in terms of dynamic couplings between forces and motions of the actuated joints.
Fig. 1 shows a block diagram for servo control of the pth actuated joint in the neighborhood of a given configuration,
which takes into account the joint couplings mentioned above and expressed in the (Laplacian) frequency domain. Please
note that this control scheme is adopted only for feedforward parameter tuning, while a decentralized
proportional–integral–derivative (PID) controller is employed to ensure robust stability of the feedback loop of each
actuated joint. In the diagram, Θd , p and Θa , p denote the desired and measured signals of joint p ; C p and Pp
denote transfer functions of the feedback controller and the plant of the joint; Dg , p denotes the torque disturbance due
to gravity and other unmodeled factors; Dc , pq ( q  p ) denotes the cross-talk transfer function between the motion of
joint q and the induced dynamic loading it imposes upon joint p . Fpq is the transfer function of the specific
feedforward controller designated to compensate the driving torques so as to reject dynamic loading applied to joint p

2

by the motion of joint q .
The feedforward tuning under consideration is based upon two important arguments: (1) Dg , p  0 as the steady-state
tracking error caused by the gravity can be compensated, to a great extent, by integral parameter tuning via PID based
feedback control and the PID parameters are well tuned prior to the feedforward control [4]; and (2) Θa, q  Θd , q as

Θa, q  Θd , q = Θa, q

such that the disturbances being produced by Θa , q can be approximately predicated using Θd , q

( q  1, 2,K , n, q  p ) [28]. These considerations yield the approximated expression of tracking error vector of all
actuated joints
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From the dynamics given in Eq.(1), Pp1 and Dc , pq can be expressed in the unified (polynomial) forms

Pp1  a p s 2  bp s , Dc , pq  a pq s 2  bpq s ( p  q ) , p, q  1,2,L ,n

(7)

This allows the feedforward control law of Fpq to be parameterized by
2

Fpq  λpq ,1 s  λpq ,2 s 2   λpq ,k s k , p, q  1,2,L ,n

(8)

k 1

where λ pq ,1 and λpq ,2 are referred to as the velocity and acceleration feedforward control parameters of joint q with
respect to joint p . Therefore, under the conditions that the feedback controllers of all the actuated joints have been well
tuned around the neighborhood of a given configuration, tuning the feedforward controller parameters becomes an issue
of determining the full set of λ pq ,1 and λpq ,2 ( p, q  1,2,L ,n ) such that the tracking errors of all actuated joints can be
simultaneously minimized in the least squares sense.
3.

Iterative Tuning Approach for Feedforward Control
By taking account of the joint couplings, this section presents an approach for updating the full set of feedforward
parameters. A gradient-approximation based iterative tuning algorithm is proposed first by minimizing the sum of squares
of joint tracking errors when the platform moves along a trajectory in the neighborhood of a given configuration. Then,
the use of joint tracking error measurements allows a data-driven method to be developed for the formulation of a
plant-free identification Jacobian.
3.1 The iterative tuning algorithm
To facilitate the feedforward tuning process, let the platform move along a specific path with a given motion profile
repeatedly in each iteration cycle. We assume that P , C and Dc given in Eq.(3) are invariant in the neighborhood of a
given configuration around which the conditions for the repetition of the initial settings are satisfied. Then, the tracking
errors and transfer function matrices, Fi and Fi1 , of the feedforward controllers associated with the ith and
3

(i  1)th iteration cycles are related by
Ei 1 = Ei  B  Fi 1  Fi  Θd

(9)
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parameters determined in the ith and (i  1)th iteration cycles, respectively.
Expanding Eq. (9) leads to
Ei 1, p = Ei , p  φTp Δλi , p , p  1,2,L ,n
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Clearly, φ p  s  is related not only to Bp of the actuated joint p itself, but also to the desired motions of all actuated
joints because of the joint couplings. Then, the inverse Laplace transform of Eq. (10) can identify Δλi , p , i.e.,
results in

L 1  Ei 1, p  = L 1  Ei , p   L 1  φTp  Δλi , p

(13)

ei 1, p  t  = ei , p  t   pT  t  Δλi , p ， t   0, T 

(14)

where T denotes the total time interval required for the platform to complete its movement along the path. For
numerical implementation, we divide T into N segments with evenly spaced sampling period Ts  T N , leading to
N  1 sampling nodes and allowing Eq. (14) to be rewritten in a matrix notation as
ei 1, p = ei , p  Φ pT Δλi , p

Φp  p  0 p Ts  L

(15)

p  NTs  , ei , p   ei , p  0  ei , p Ts  L

ei , p  NTs  

T
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where Φ p is the identification Jacobian of parameter set Δλi , p ; ei , p and ei 1, p are the vectors formed by the
measured tracking errors of joint p in the ith and (i  1)th iteration cycles. Hence, Δλi , p can be estimated by
minimizing J  eiT1. p ei 1. p using ordinary least squares provided that N  1 ? 2n and Φ p is full raw ranked, giving

Δλˆi , p   Φ p Φ pT  Φ p ei , p
1

(17)

Consequently, λi , p can be iteratively updated by
λi 1, p  λi , p  Δλˆi , p

(18)

until satisfying the convergence criterion
εi , p  100%   ε  ， εi , p 
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denotes the threshold of relative convergence. Note that non-zero initial values, i.e. λpq ,1,1 and λpq ,2,1 in
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λ1, p , must be assigned for the first iteration such that
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T

3.2 Formulation of the identification Jacobian
As seen from Eq. (12) to Eq. (15), Φ p is closely related to Bp , which reflects the dynamics of the plant and the
feedback controller of the pth actuated joint. The formal identification of Bp is a tedious and complicated procedure.
It is worthwhile pointing out that there are two shortcomings in the algorithm proposed in [19] where a single gradient
parameter experiment was implemented for identifying two parameter gradients. The first is the difficulty to achieve
explicit expression of pT (t )  L 1 φTp  s  , and the second is the ill-conditioned Φ p due to multicollinearity. In order





to overcome the problems mentioned above, we propose an improved data-driven method to formulate Φ p of an
n-DOF parallel manipulator by considering joint coupling effects. In this method, the ith iteration cycle is extended
into 2n  1 physical perturbed-parameter experiments, run sequentially and labeled as status 0 to status 2n , with the
corresponding tracking errors of all actuated joints recorded each time. In status 0 neither velocity nor acceleration
feedforward are applied. In status 2q both of them are applied only to the actuated joints from 1 to q using λi , p
estimated by the (i 1)th iteration cycle. Status 2q  1 is the same as status 2q except that acceleration feedforward
is not applied to joint q . Following exactly the logic of Eq. (10) for these sub-steps of the ith iteration, this specific
arrangement leads to
Ei,2pq 1  Ei,2pq 1  Ei,2pq  2    B p λpq ,1,i sΘd ,q , Ei,2pq   Ei,2pq   Ei,2pq 1   Bp λpq ,2,i s 2 Θd ,q , p,q  1,2,L ,n
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Substituting Eq.(21) into Eq.(12), yields an alternative expression for φi , p
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of this expression is quite easy, allowing i , p  jTs  given in Eq. (16) to be

obtained explicitly as
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It is clear that Φi , p formulated by this proposed method is independent of C p and Pp , but is related to the tracking
error discrepancies between two consecutive statuses and to the feedforward parameters estimated in the (i 1)th
iteration cycle.
4.

Verification
Experiments to verify the effectiveness of the proposed iterative tuning algorithm for feedforward control were carried
out using the 3-DOF parallel mechanism within a newly invented 5-DOF hybrid robot named TriMule600 [29, 30]
developed for high-speed machining. The experiments were designed to examine three important issues: (1) convergence
of the iterative tuning algorithm; (2) stability of the tuned parameters against velocity changes; and (3) the extrapolation
capability of the tuned parameters against trajectory changes. They involved comparative studies of performance with
and without considering joint coupling effects (denoted FCwC and FCwoC, respectively). FCwC invokes the full system
of Fig.1, whereas FCwoC disconnects the upper left-hand block (equivalent to setting to zero all Fpq , q  p ).
Fig.2 and Fig.3 show the side and front views of the CAD model and the realised prototype of the TriMule 600 robot.
It is essentially composed of a 1T2R (T-translation, R-rotation) parallel mechanism and an A/C wrist. The parallel
mechanism comprises an actuated UPS limb plus a stand-alone 1T1R planar linkage containing two actuated RPS limbs
with a properly constrained passive RP limb in between them. The base link of the 1T1R planar linkage is a single,
elaborately designed ‘three-in-one’ part that locates the rear R joints of the two actuated RPS limbs, and the R and P
joints of the RP limb, and is also connected with the machine frame by a pair of R joints. Here, R, P, U, and S denote
5

revolute, prismatic, universal, and spherical joints, respectively, and the underlined P denotes an actuated prismatic joint.
For more information about this robot, please refer to [29, 30]. Equipped with an IPC + Turbo PMAC-PCI CNC system,
the robot can move the platform reference point Q (see Fig.2) within a cylindrical task workspace at a maximum speed
and acceleration of 60 m/min and 10 m/s2, respectively. The dimensional parameters of task workspace are given in
Fig.2.

To verify the effectiveness of the new iterative algorithm, a circular path with radius R2 was planned for tuning the
feedforward parameters and a diamond path with diagonal length of 2R2 then used to verify the extrapolation capability,
with R2  0.2 m , H  1 m , h  0.2 m and d  0.19 m as shown in Fig. 2. In the reference frame B  xyz shown in
Fig.2, the position vectors of Q associated with the tuning and verification paths are



Circular path： rQ   R2sin  Sc  t  R2  R2 cos  Sc t  R2   d

 S t  2  R  d  S t  2 H  h 
  R  S  t  2 d  S  t  2 H  h 
 S  t  2 R  d S t  2 H  h 
 R  S  t  2 d  S  t  2 H  h 





Diamond Path： rQ  
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where Sc  t  and Sd  t  denote the circular and diamond paths parameterized with a trapezoidal acceleration profile.
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In the experiments, Sc  t  and Sd  t  were interpolated with a rate of 10 ms to generate joint commands via inverse
displacement analysis, and the feedback and feedforward signals updated at a rate of 2.26 kHz in accordance with the
specification of the PMAC motion controller used.
Before beginning the feedforward parameters tuning, the feedback (PID) parameters were tuned using the method
proposed in [31] to ensure the stability of the feedback loop of each actuated joint. Then, the feedforward tuning
procedure was executed, taking the moderate values of 30 m/min and 5.0 m/s 2 for the maximum velocity and
acceleration of Q along the path. In principle, a set of non-zero yet small values can be randomly selected as the initial
parameters assigned for each actuated joint [26, 27]. But for illustration purpose, we select the initial values as

λ1, p   0.5 103

2 103

0.1103

0.5 103

0.1103

0.5 103  , p  1, 2,3
T

The relative convergent threshold was set to be    5 % .
Fig. 4 shows the variations of the self-talk parameters λ pp ,1 and λpp ,2 of the three actuated joints vs. iteration cycles
for tuning processes with and without considering joint couplings, denoted by FCwC (solid line) and FCwoC (dashed
line). Fig. 5 shows the variations of the cross-talk parameters λ pq ,1 and λpq ,2 ( q  p ) vs. iteration cycles for FCwC.
The feedforward controller parameters for both FCwC and FCwoC rapidly approach near constants after three iteration
cycles, illustrating the satisfactory convergence rate of the proposed iterative tuning algorithm. The values for λ pp ,1 and
λpp ,2 identified by FCwoC are somewhat greater than those identified by FCwC because greater self-talk control effort is

required in FCwoC to reject the additional dynamic loading disturbance dc, p shown in Eq.(1). Importantly, λ pq ,1 and
λpq ,2 ( q  p ) identified by FCwC have values approximately 20% those of λ pp ,1 and λpp ,2 , confirming the necessity to

consider these cross-talk terms for rejecting the dynamic loading disturbance arising from joint couplings. From a
viewpoint of parameter identification, the use of FCwC fulfills the completeness requirement of the linear regression
problem so that the discrepancy between the measured and predicted joint tracking errors can be minimized in the least
squares sense.
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Equipped with the inverse kinematics developed in [30]，Fig. 6 and 7 show the desired displacements, velocities and
accelerations of three actuated joints, which correspond to the circular and diamond paths planned in the workspace.
Having tuned the feedforward controller parameters by FCwoC and FCwC at the moderate speed/acceleration mentioned
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above, the tracking errors of the three actuated joints of the parallel mechanism were recorded when point Q moved
along the tuning path and the verifying path at speed/acceleration of vmax  6 m min / amax  1 m s2

and of

vmax  48 m min / amax  8 m s . The time histories are similar in general form, as shown Fig. 8, but their root mean
squares (RMS) listed in Table 1 drop by 5.63%, 5.11% and 5.37% for joints 1, 2 and 3 at low speed, and by 21.24%,
22.22% and 22.61% at high speed for FCwC in comparison with FCwoC. This confirms the argument that considering
the cross-talk feedforward parameters helps significantly to improve the joint tracking accuracy, especially when the
parallel mechanism operates at high speed. Similar conclusions can be drawn from Fig. 9 and Table 2, in which point Q
moves along the verifying path under the same experimental conditions. In this case, the relevant RMS values are
24.24%, 21.71% and 21.57% lower at high speed for FCwC compared to FCwoC. The low magnitudes of these tracking
errors confirm the very good extrapolation capability of the tuned feedforward controller parameters against trajectory
changes.
2

9
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5.

Conclusions
This paper explores an improved iterative tuning approach for feedforward control of parallel manipulators that
considers joint couplings (cross-talk). The conclusions are drawn as follows.
(1) By combining the invariant principle of compound control and rigid body dynamics of parallel manipulators, we
have proposed a MIMO feedforward control design that enables joint tracking accuracy to be improved by dealing
with cross-talk torque disturbances.
(2) We have developed a data-driven approach to formulate the plant-free identification Jacobian such that it is only
related to the feedforward controller parameters tuned in the previous iteration cycle and the joint tracking errors
associated with 2n sequential perturbed statuses in the current iteration cycle of an n-DOF parallel manipulator.
(3) Experimental results on the 3-DOF parallel mechanism within a 5-DOF hybrid robot show that the parameters tuned
by the algorithm converge at a satisfactory rate and provide good extrapolation capability. The results also show that
the root mean square of joint tracking errors can be reduced by up to 22% compared with the case where no joint
couplings are considered when the system operates at high speed. However, it is unnecessary to consider joint
couplings if the system operates at relatively low speed.
(4) The proposed approach is potentially applicable to the feedforward controller parameter tuning of other types of
parallel manipulators, whenever their joint couplings are not negligible.
(5) Although the effectiveness of the proposed approach is only demonstrated at the reference configuration, it is
suitable for feedforward parameter tuning at any arbitrary configuration (or pose). Therefore, it indeed provides a
basic prerequisite for automatic parameter tuning over the entire task workspace by means of polynomial
interpolation or fuzzy logical/cluster algorithms. The relevant issue, however, will be reported in a separate article.
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