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Global Identification of Joint
Drive Gains and Dynamic
Parameters of Robots
Off-line robot dynamic identification methods are based on the use of the inverse dynamic
identification model (IDIM), which calculates the joint forces/torques that are linear in
relation to the dynamic parameters, and on the use of linear least squares technique to
calculate the parameters (IDIM-LS technique). The joint forces/torques are calculated as
the product of the known control signal (the input reference of the motor current loop) by
the joint drive gains. Then it is essential to get accurate values of joint drive gains to get
accurate estimation of the motor torques and accurate identification of dynamic parame-
ters. The previous works proposed to identify the gain of one joint at a time using data of
each joint separately. This is a sequential procedure which accumulates errors from step
to step. To overcome this drawback, this paper proposes a global identification of the
drive gains of all joints and the dynamic parameters of all links. They are calculated alto-
gether in a single step using all the data of all joints at the same time. The method is
based on the total least squares solution of an overdetermined linear system obtained
with the inverse dynamic model calculated with available input reference of the motor
current loop and joint position sampled data while the robot is tracking some reference
trajectories without load on the robot and some trajectories with a known payload fixed
on the robot. The method is experimentally validated on an industrial St€aubli TX-40
robot. [DOI: 10.1115/1.4027506]
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1 Introduction

Several schemes have been proposed in the literature to identify
the dynamic parameters of robots [1–8]. Most of the dynamic off-
line identification methods:

– use an Inverse dynamic identification model (IDIM) that
gives the linear relations between the joint forces/torques and
the dynamic parameters,

– build an overdetermined linear system of equations obtained
by sampling the IDIM while the robot is tracking some trajec-
tories in position closed-loop control,

– estimate the parameter values using least squares techniques
(LS). This procedure is called the IDIM-LS technique.

Good experimental results can be obtained if:

– a well-tuned derivative band-pass filtering of joint position is
used to calculate the joint velocities and accelerations,

– accurate values for joint drive gains are known to calculate
the joint force/torque as the product of the input references of
the motor current loop by the joint drive gains [9,10].

This requires the calibration of the drive train constituted by a
current controlled voltage source amplifier with gain Gt which
supplies a permanent magnet DC or a brushless motor with torque
constant Kt coupled to the link through direct drive or gear train
with gear ratio N. Because of large values of the gear ratio for
industrial robots (N> 50), the total joint drive gain, gs ¼ NGtKt,
is very sensitive to errors in Gi and Kt which must be accurately
measured from special, time-consuming, heavy tests on

amplifiers, and motors, which require opening the drive chain of
each joint [9,10]. This sensitivity to errors directly affects the ac-
curacy of the force/torque computation as well as the interaction
force between the robot and its environment or payload estima-
tions that are required in many modern robotic applications.

More recent works [11,12] have proposed to apply sequential
procedures to identify the total joint drive gains gsj for each
actuated joint separately by using a known payload fixed on the
end-effector. In both methods, the estimation of the drive gain
of one joint was done using only data coming from the corre-
sponding joint equation which implies the loss of information
about the coupled data on the other joints. With these sequential
approaches, leading to error accumulation, good results were
obtained only for the first four robot joints.

In this paper, a new method is proposed for the global identifi-
cation of all robot dynamic parameters, including joint drive
gains, using the input reference of the motor current loop and
the joint position sampled data while the robot is tracking one ref-
erence trajectory without load fixed on the robot and one trajec-
tory with a known payload fixed on the robot. Inertial payload
parameters are measured or calculated with a CAD software. Con-
trary to the previous works, all dynamic parameters and drive
gains are calculated in one step as the Total LS solution (TLS) of
an overdetermined system that takes into account the coupling
between the robot axes. Such a method avoids the cumulative
errors of the previous sequential procedures. In order to show the
method efficiency, it is experimentally validated on an industrial
robot manufactured by St€aubli: the TX-40.

It should be mentioned that this method is easy to implement,
versatile, and suitable for the automatic calibration of the drive
gains of any industrial robots.

A first condensed version of this work has been proposed in
Ref. [13]. The present paper contains detailed explanations on the
TLS procedure to enlighten the theoretical understanding of the
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method, especially in terms of statistical properties, and gives
additional experimental results that show the interest of the
method in terms of force/torque estimation and parameter
identification.

2 Usual Identification Procedure With IDIM-LS

2.1 IDIM. It is known that, using the modified
Denavit–Hartenberg description of moving multibody systems
[6], the dynamic model of any serial manipulator composed of n
links and n actuators can be linearly written in term of a nst � 1ð Þ
vector of standard parameters vst [5,6]

sidmðq; _q; €q; vstÞ ¼ IDMstðq; _q; €qÞvst (1)

where sidm is the motor torque vector, q, _q, and €q are, respec-
tively, the n� 1ð Þ vectors of generalized joint positions, veloc-
ities, and accelerations, IDMst is the n� nstð Þ Jacobian matrix of
sidm with respect to (w.r.t.) the vector vst of the standard parame-
ters given by vT

st ¼ v1T
st v2T

st … vnT
st

� �
For a rigid robot, the link j and joint j can be parameterized by

14 standard parameters regrouped into the vector v
j
st such that

v
j
st ¼ XXj XYj XZj YYj YZj ZZj MXj MYj MZj Mj Iaj Fvj Fsj

�
soffj
�T , where

• XXj;XYj;XZj; YYj;YZj; ZZj are the six components of the iner-
tia matrix Ij of link j w.r.t. frame j at its origin, i.e.,

Ij ¼

XXj XYj XZj

XYj YYj YZj

XZj YZj ZZj

2
664

3
775

• Mj is the mass of link j, Iaj is a total inertia moment for rotor
of actuator j, and gears of the joint j drive chain,

• MXj;MYj;MZj are the 3 components of the first moment of
link j, i.e.,

Mj
jOjSj
��! ¼ MXj MYj MZj½ �T

where jOjSj
��!

is the position of the center of mass of the link j
expressed in the frame attached at the origin of the consid-
ered link [6]

• Fvj and Fsj are the viscous and Coulomb friction coefficients
of the drive chain, respectively, and soffj

is an offset parame-
ter which regroups the amplifier offset and the asymmetrical
Coulomb friction coefficient [14].

The identifiable parameters are the base parameters, which are
the minimal number of dynamic parameters from which the
dynamic model can be calculated. They are obtained from the
standard parameters by eliminating those which have no effect in
Eq. (1) and by regrouping some of the others by means of linear
relations [15], using simple closed-form rules [6,16], or by numer-
ical method based on the QR decomposition [17].

The minimal dynamic model can be written using the nb base
dynamic parameters denoted as v as follows:

sidm ¼ IDMðq; _q; €qÞv (2)

where IDM is a subset of independent columns of IDMst which
defines the identifiable parameters.

Because of perturbations due to noise measurement and model-
ing errors, the actual force/torque s differs from sidm by an error,
e, such that

s ¼ sidm þ e ¼ IDMðq; _q; €qÞvþ e (3)

where s is calculated with the drive chain relations

s ¼ vsgs ¼
v1
s � � � 0

..

. . .
. ..

.

0 � � � vn
s

2
64

3
75

g1
s

..

.

gn
s

2
64

3
75 (4)

where vs is the ðn� nÞ matrix of the actual motor current referen-
ces of the current amplifiers (vj

s corresponds to actuator j) and gs
is the ðn� 1Þ vector of the joint drive gains (gj

s ¼ NjGtj
Ktj

corre-
sponds to actuator j, where Gtj is the gain of the current controlled
voltage source amplifier of the motor j which supplies a perma-
nent magnet DC or a brushless motor with torque constant Ktj

coupled to the link through direct drive or gear train with gear ra-
tio Nj) that is given by a priori manufacturer’s data or measured
with special time-consuming heavy tests on amplifiers and motors
separately [9,10].

Equation (3) represents the IDIM.

2.2 IDIM With a Payload. The payload is considered as a
link nþ 1 fixed to the link n of the robot [18]. Only nkL among its
ten inertial parameters are considered to be known (i.e., there is
nuL ¼ 10� nkL unknown parameters). The model (3) becomes

s ¼ IDM IDMuL IDMkL½ �
v

vuL

vkL

2
64

3
75þ e ¼ IDMtotvtot þ e (5)

where vaL (a¼ u or k) is a ðnaL � 1Þ vector containing the
unknown (vuL) or known (vkL) inertial parameters of the payload;
IDMaL is the ðn� naLÞ Jacobian matrix of sidm, w.r.t. the vector
vaL.

2.3 Least Squares Identification of the Dynamic
Parameters With IDIM. The off-line identification of the robot
base dynamic parameters v can be achieved given measured or
estimated off-line data for s and q; _q; €qð Þ, collected while the
robot is tracking some trajectories. The model (3) is sampled,
low-pass filtered and decimated (parallel decimation of Y and
each column of W) in order to get an overdetermined linear
system of ðn� rÞ equations and nb unknowns

Y sð Þ ¼W q̂; _̂q; €̂q
� �

vþ q (6)

where ðq̂; _̂q; €̂qÞ is an estimation of ðq; _q; €qÞ, obtained by sampling,
band-pass filtering the measure of q with zero-phase noncausal
Butterworth filter and central difference algorithm [5], q is the
ðr � 1Þ vector of errors, and Wðq̂; _̂q; €̂qÞ is the ðr � nbÞ observation
matrix.

In Refs. [2] and [19], practical rules for tuning these filters and
for avoiding a biased estimation of the velocities and accelerations
[20] are given, taking advantage of noncausal off-line pass-band
filtering.

Using the base parameters and tracking “exciting” reference
trajectories, i.e., optimized trajectories that can be computed by
nonlinear minimization of a criterion function of the condition
number of the W matrix [21,22] a well-conditioned matrix W can
be obtained. In this work, the motion generator of the industrial
controller which is a point-to-point trapezoidal acceleration gener-
ator is used. Some trajectories are tested covering the whole robot
workspace until a good criterion is obtained [22], which is an easy
and fast procedure that gives good identification results. The LS
solution v̂ of Eq. (6) is given by

v̂ ¼ WTW
� ��1

WT
� �

Y ¼WþY (7)

It is computed using the QR factorization of W.
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Standard deviations rv̂i
, are estimated assuming that W is a

deterministic matrix and q, is a zero-mean additive independent
Gaussian noise, with a covariance matrix Cqq, such that [2],

Cqq ¼ EðqqTÞ ¼ r2
qIr (8)

where E is the expectation operator and Ir is the ðr � rÞ identity
matrix. An unbiased estimation of the standard deviation rq is

r̂2
q ¼ Y�Wv̂k k2=ðr � nbÞ (9)

The covariance matrix of the estimation error is given by [2]

Cv̂v̂ ¼ E½ðv� v̂Þðv� v̂ÞT� ¼ r̂2
qðWTWÞ�1

(10)

r2
v̂i
¼ Cv̂v̂ði; iÞ is the ith diagonal coefficient of Cv̂v̂

The relative standard deviation %rv̂ri
is given by

%rv̂ri
¼ 100rv̂i

= v̂ij j (11)

for v̂ij j 6¼ 0.
The ordinary LS can be improved by a weighted LS procedure

(IDIM-WLS) where data in Y and W are sorted w.r.t. each joint j
equation and weighted with the inverse of the standard deviation
of the error calculated from ordinary LS solution of the equations
of joint j [19].

2.4 Identification With a Payload. In order to identify both
the robot and the payload dynamic parameters, it is necessary that
the robot carried out two types of trajectories: (a) trajectories
without the payload and (b) trajectories with the payload fixed to
the end-effector [18]. The sampling and filtering of the IDIM (5)
is then written as

Y ¼ Ya

Yb

	 

¼ Wa 0 0

Wb WuL WkL

	 
 v

vuL

vkL

2
4

3
5þ q (12)

where Ya (Yb, resp.) is the vector of sampled input torques of the
robot in the unloaded (loaded, resp.) case, Wa (Wb, resp.) is the
observation matrix of the robot in the unloaded (loaded, resp.)
case and WuL (WkL, resp.) is the observation matrix of the robot
corresponding to the unknown (known, resp.) payload inertial
parameters.

3 Global Identification of the Robot Dynamic

Parameters and the Drive Gains

3.1 Least Square Identification of the Robot Dynamic
Parameters and the Joint Drive Gains. In the usual IDIM-WLS,
accurate values of the drive gains are necessary to compute vector
Y. However, the manufacturer’s data give drive gains parameters
gs with an uncertainty of about 10%, thus leading to parameter
identification and torque estimation errors. Therefore, it is prefera-
ble to introduce the drive gains into the base parameters.

Taking into account that parameters vkL are known, Eq. (12)
can be written as

Y ¼ Vsa

Vsb

	 

gs ¼

Wa 0 0

Wb WuL WkLvkL

	 
 v

vuL

1

2
4

3
5þ q (13)

where Vsa (Vsb, resp.) is the block-diagonal matrix of vs samples
in the unloaded (loaded, resp.) case,

Vsa;b ¼
V1

s � � � 0

..

. . .
. ..

.

0 � � � Vn
s

2
64

3
75; Vj

s ¼
vj
s;1

..

.

vj
s;r

2
664

3
775 (14)

where vj
s;k is the kth sample of current reference for actuator j, and

Vj
s regroups all the current reference samples for actuator j.
A simple approach to identify the drive gains is to take into

account that the vector WkLvkL is known. Then Eq. (13) can be
rewritten as

0

WkLvkL

	 

¼ YL ¼

Vsa �Wa 0

Vsb �Wb �WuL

	 
 gs

v

vuL

2
64

3
75þ q¼Wrvr þ q

(15)

with vr the vector of the unknown inertial parameters of the robot
and the payload plus the drive gain parameters.

As a result, the LS solution v̂r of Eq. (15) is given by

v̂r ¼ WT
r Wr

� ��1
WT

r

� �
WkLvkL ¼Wþ

r YL (16)

Because YL and Wr depend on the same data containing pertur-
bations ðq̂; _̂q; €̂qÞ (due to the use of WkL in YL and of WuL in Wr),
the noises in YL and Wr are correlated which may introduce a
bias. This is shown in our case study (Table 7).

A technique to calculate the LS solution when both YL and Wr

contain perturbations is to use total least squares identification
(IDIM-TLS) procedure. This procedure is detailed below.

3.2 IDIM-TLS of the Robot Dynamic Parameters and the
Joint Drive Gains. Details on the TLS identification method can
be found in Refs. [23] and [24] and many other papers (see also
Refs. [25–27]). Equation (13) can be rewritten as

Wtotvtot ¼ q (17)

where Wtot ¼
Vsa �Wa 0 0

Vsb �Wb �WuL �WkLvkL

	 

is a ðr � cÞ

matrix (with c ¼ nþ nbþnuL þ 1), and vT
tot ¼ gT

s vT vT
uL 1

� �
is a

c� 1ð Þ vector.
Without perturbation, q ¼ 0 and Wtot must be rank deficient to

get the non-null solutions v̂tot ¼ kv̂n
tot 6¼ 0 (where v̂n

tot is a vector
of unit norm, i.e., v̂n

tot

�� �� ¼ 1) depending on a scale coefficient k.
However because of the measurement perturbations, Wtot is a full
rank matrix. Therefore, the system (17) is changed to the compati-
ble system closest to Eq. (17) w.r.t. the Frobenius norm

Ŵtotv̂tot ¼ 0; v̂T
tot ¼ ĝ

T
s v̂T v̂T

uL 1
� �

(18)

where Ŵtot is the ðr � cÞ rank deficient matrix, closest to Wtot

w.r.t. the Frobenius norm, i.e., Ŵtot minimizes the Frobenius
norm Wtot � Ŵtot

�� ��
F

and v̂T
tot ¼ ĝ

T
s v̂T v̂T

uL 1
� �

is the solu-
tion of the compatible system Eq. (18) closest to Eq. (17).

Ŵtot can be computed thanks to the “economy size” singular
value decomposition of Wtot [28]

Wtot ¼ USVT (19)

where U and V are ðr � rÞ and ðc� cÞ orthonormal matrices,
respectively, and S ¼ diagðsiÞ is a ðc� cÞ diagonal matrix with
singular values si of Wtot sorted in decreasing order. Ŵtot is given
by

Ŵtot ¼Wtot � scUcVT
c (20)
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where sc is the smallest singular value of Wtot and Uc (Vc, resp.)
the last columns of U (V, resp.) corresponding to sc. Then, the
normalized optimal solution v̂n

tot is given by the last column Vc of
V, v̂n

tot ¼ Vc, which belongs to the kernel of Ŵtot.
There is infinity of vectors v̂tot ¼ kv̂n

tot which are solutions of
Eq. (18) depending on a scale factor k. The unique solution
v̂�tot ¼ k̂v̂n

tot for the robot can be found by taking into account that

the last value v̂�totc
of v̂�tot must be equal to 1 according to Eq. (18),

i.e., k̂ ¼ 1=v̂n
totc

, with v̂n
totc

the last value of v̂n
tot.

It must be mentioned that the TLS method has been applied in
Ref. [29] for the identification of the drive gains and the dynamic
parameters on two degrees of freedom (dof) robot but gave arguable
results due to the lack of accurate reference parameters (in Ref. [29],
the reference parameter was the drive gain of actuator 1 that was not
accurately known). As a result, the authors were not able to correctly
identify payload masses added on the end-effector. In this paper, a
major improvement is to scale the parameters using the accurate
weighed value of an additional payload mass.

3.3 Statistical Analysis. Standard deviations rv̂i
on the

dynamic and drive gains parameters are estimated assuming that
all errors in data matrix Wtot are independently and identically
distributed with zero mean and common covariance matrix CWW

such that

CWW ¼ r̂2
WIrW

(21)

where IrW
is the identity matrix of dimension ðr � cÞ � ðr � cÞ.

Fig. 1 TX-40 robot and its calibrated payload of 4.59 kg

Table 1 The essential dynamic parameters of the TX-40 Identified with IDIM-WLS. meanð%eiÞ : 7:86%; Y 5 Vsa;b ĝs,
%ei ¼ v̂1

i � v̂2
i

�� ��= v̂1
i

�� ��%, where v̂1
i is the ith parameter of IDIM-WLS using the knowledge of the ten payload parameters and v̂2

i is the
ith parameter of IDIM-WLS using the knowledge of the payload mass only.

With 10 CAD parameters With 1 weighed mass m7

Parameter id.val. %rv̂ri
id.val. %rv̂ri

%ei

ZZ1R 1.17 2.28 1.14 2.66 2.56
Fv1 6.35 2.37 6.21 2.70 2.20
Fs1 5.18 3.80 4.98 4.10 3.86
XX2R �4.54� 10�1 3.53 �4,43� 10�1 3.81 2.42
XZ2R �1.43� 10�1 5.85 �1.43� 10�1 5.88 0.00
ZZ2R 9.85� 10�1 1.36 9.60� 10�1 1.92 2.54
MX2R 1.97 1.57 1.92 2.21 2.54
Fv2 4.17 2.09 4.09 2.52 1.92
Fs2 7.28 2.60 7.09 2.91 2.61
XX3R 9.56� 10�2 13.42 9.14� 10�2 13.84 4.39
ZZ3R 1.19� 10�1 5.50 1.16� 10�1 5.75 2.52
MX3 3.63� 10�2 24.39 3.77� 10�2 23.00 3.86
MY3R �5.19� 10�1 2.69 �5.02� 10�1 3.30 3.28
Ia3 7.52� 10�2 7.29 7.39� 10�2 7.44 1.73
Fv3 1.46 3.22 1.42 3.60 2.74
Fs3 5.81 2.87 5.64 3.29 2.93
XY4 — — �5.27� 10�3 35.04 —
MX4 �1.53� 10�2 18.62 �1.34� 10�2 21.25 12.42
Ia4 2.50� 10�2 4.63 2.36� 10�2 5.55 5.60
Fv4 6.54� 10�1 2.49 6.37� 10�1 3.76 2.60
Fs4 1.72 3.11 1.68 4.26 2.33
MY5R �2.40� 10�2 14.60 �2.26� 10�2 15.67 5.83
Ia5 4.69� 10�2 8.11 4.24� 10�2 9.28 9.59
Fv5 1.24 3.63 1.21 4.56 2.42
Fs5 2.81 3.87 2.71 4.83 3.56
Ia6 9.80� 10�3 6.29 8.33� 10�3 7.77 15.00
Iam6 8.49� 10�3 19.92 8.95� 10�3 18.72 5.42
Fv6 4.57� 10�1 2.07 4.34� 10�1 3.51 5.03
Fvm6 4.30� 10�1 3.21 4.11� 10�1 4.31 4.42
Fsm6 1.52 2.95 1.53 4.11 0.66
soff6 — — 7.91� 10�2 24.72 —
XX7 0.64� 1021 — 8.39� 10�2 5.79 31.09
XY7 21.80� 1022 — �1.19� 10�2 17.55 33.89
XZ7 2.60� 1022 — 2.22� 10�2 9.69 14.62
YY7 0.64� 1021 — 8.20� 10�2 5.82 28.13
YZ7 2.60� 1022 — 3.18� 10�2 5.33 22.31
ZZ7 4.40� 1022 — 5.21� 10�2 3.92 18.41
MX7 22.90� 1021 — �2.43� 10�1 3.29 16.21
MY7 22.90� 1021 — �2.54� 10�1 3.41 12.41
MZ7 4.10� 1021 — 3.91� 10�1 3.90 4.63
M7¼ 4.59 6 0.005 M7¼ 4.59 6 0.005 —
Relative error norm ||q||/||Y||¼ 12.40% Relative error norm ||q||/||Y||¼ 12.43%
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An unbiased estimation of the standard deviation r̂W is [24]

r̂W ¼ sc=
ffiffiffiffiffiffiffiffiffiffi
r � c
p

(22)

The covariance matrix of the estimation error is approximated
by [24]

Cv̂v̂ � r̂2
W 1þ v̂1:c�1k k2

2

� �
Ŵ

T

tot1:c�1
Ŵtot1:c�1

� ��1

(23)

with v̂1:c�1 the vector containing the c� 1 first coefficients of v̂�tot

and Ŵtot1:c�1
a matrix composed of the c� 1 first columns of

Ŵtot. Finally, r2
v̂i
¼ Cv̂v̂ði; iÞ is the ith diagonal coefficient of

Cv̂v̂ and the relative standard deviation %rv̂ri
is given by

%rv̂ri
¼ 100rv̂i

= v̂ij j, for v̂ij j 6¼ 0.

In order to improve the estimation of v̂�tot, the rows of Wtot are
weighted taking into account the confidence on the measures. As
proposed in IDIM-WLS (Sec. 2.2), to improve the TLS solution,
each row corresponding to joint j equation is weighted by the
inverse of r̂j

W , i.e., the standard deviation corresponding to the
data of the joint j equations.

4 Case Study

4.1 The St€aubli TX-40 Robot. The St€aubli TX-40 robot
(Fig. 1) has a serial structure with six rotational joints. Details on
its kinematics can be found in Ref. [13]. It is to be noted that the

Table 2 The drive gains of the TX-40: A priori Sta€ubli’s data
and identified values with IDIM-WLS. %rv̂ri

is the relative stand-
ard deviation. %ei 5 ĝsi

� gsi0

�� ��= gsi0

�� ��%.

A priori With 10 CAD parameters With 1 weighed mass M7

i gsi0
ĝsi

%rv̂ri
%ei ĝsi

%rv̂ri
%ei

1 32.96 30.20 2.41 8.37 31.10 2.02 5.64
2 32.96 29.80 1.72 9.59 30.50 1.09 7.46
3 25.65 21.80 2.36 15.01 22.40 1.74 12.67
4 �11.52 �8.06 3.33 30.03 �8.27 1.76 28.21
5 18.48 14.00 3.10 24.24 14.40 1.36 22.08
6 7.68 5.88 3.15 23.44 6.08 1.44 20.83

Mean ð%eiÞ : 18:45% Mean ð%eiÞ : 16:5%

Table 3 The Essential dynamic Parameters of the TX-40 Identified with IDIM-TLS. meanð%ei Þ : 8:28%; Y 5 Vsa;b ĝs,
%ei 5 v̂1

i � v̂2
i

�� ��= v̂1
i

�� ��%, where v̂1
i is the ith parameter of IDIM-TLS using the knowledge of the 10 payload parameters and v̂2

i is the ith
parameter of IDIM-TLS using the knowledge of the payload mass only.

With 10 CAD parameters With 1 weighed mass m7

Par. id. val. %rv̂ri
id. val. %rv̂ri

%ei

ZZ1R 1.28 2.00 1.28 2.04 0.00
Fv1 6.93 2.08 7.01 2.07 1.15
Fs1 5.61 3.18 5.46 3.20 2.67
soff1 — — 3.01� 10�1 27.13 —
XX2R �4.95� 10�1 2.91 �5.01� 10�1 2.84 1.21
XZ2R �1.54� 10�1 4.86 �1.58� 10�1 4.42 2.60
ZZ2R 1.02 1.34 1.05 1.51 2.94
MX2R 2.04 1.55 2.11 1.73 3.43
Fv2 4.29 2.10 4.45 2.02 3.73
Fs2 7.56 2.48 7.72 2.28 2.12
XX3R 1.07� 10�1 9.79 1.05� 10�1 9.80 1.87
ZZ3R 1.24� 10�1 5.25 1.27� 10�1 4.53 2.42
MX3 4.02� 10�2 18.36 4.14� 10�2 16.79 2.99
MY3R �5.53� 10�1 2.39 �5.71� 10�1 2.55 3.25
Ia3 8.03� 10�2 6.77 8.31� 10�2 6.14 3.49
Fv3 1.52 3.14 1.57 2.93 3.29
Fs3 6.12 2.72 6.28 2.62 2.61
XY4 — — �5.61� 10�3 26.20 —
MX4 �1.53� 10�2 21.74 �1.50� 10�2 19.45 1.96
Ia4 2.51� 10�2 5.48 2.71� 10�2 5.02 7.97
Fv4 6.58� 10�1 2.87 7.27� 10�1 3.22 10.49
Fs4 1.73 3.62 1.92 3.74 10.98
MY5R �2.52� 10�2 18.08 �2.37� 10�2 17.29 5.95
Ia5 4.73� 10�2 11.60 4.90� 10�2 8.67 3.59
Fv5 1.24 4.65 1.41 3.88 13.71
Fs5 2.84 4.87 3.15 3.93 10.92
Ia6 9.92� 10�3 9.38 9.69� 10�3 6.79 2.32
Iam6 8.51� 10�3 20.93 1.04� 10�2 17.29 22.21
Fv6 4.61� 10�1 2.73 5.02� 10�1 2.78 8.89
Fvm6 4.32� 10�1 2.87 4.75� 10�1 2.88 9.95
Fsm6 — — 1.77 3.07 —
soff6 — — 9.33� 10�2 17.46 —
XX7 0.64� 1021 — 9.59� 10�2 5.13 49.84
XY7 21.80� 1022 — �1.43� 10�2 21.79 20.56
XZ7 2.60� 1022 — 2.46� 10�2 7.88 5.38
YY7 0.64� 1021 — 9.29� 10�2 4.92 45.16
YZ7 2.60� 1022 — 3.73� 10�2 4.48 43.46
ZZ7 4.40� 1022 — 6.03� 10�2 3.41 37.05
MX7 22.90� 1021 — �2.75� 10�1 2.65 5.17
MY7 22.90� 1021 — �2.84� 10�1 2.75 2.07
MZ7 4.10� 1021 — 4.48� 10�1 3.11 9.27
M7¼ 4.59 6 0.005 M7¼ 4.59 6 0.005 —
Relative error norm ||q||/||Y||¼ 11.95% Relative error norm ||q||/||Y||¼ 11.15%
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payload is numbered as the link 7, rigidly fixed on the last robot
joint numbered as the link 6.

The TX-40 robot is characterized by a coupling between the
joints 5 and 6 such that

_qr5

_qr6

	 

¼

N5 ¼ 45 0

N6 ¼ 32 N6 ¼ 32

	 

_q5

_q6

	 

;

sc5

sc6

	 

¼

N5 N6

0 N6

	 

sr5

sr6

	 
 (24)

where _qrj is the velocity of the rotor of motor j, _qj is the velocity
of joint j, Nj is the transmission gain ratio of axis j, scj is the motor
torque of joint j, taking into account the coupling effect on the
motor side, and srj is the electro-magnetic torque of motor j.

The model for the coupled geared drive chain of joints 5 and 6
adds 3 supplementary inertia, viscous, and Coulomb friction pa-
rameters Iam6, Fvm6, and Fsm6 to both sc5 and sc6,

sc5
¼ s5 þ Iam6

€q6þFvm6 _q6 þ Fsm6 signð _q5 þ _q6Þ;
sc6
¼ s6 þ Iam6 €q5 þ Fvm6 _q5 þ Fsm6 signð _q5 þ _q6Þ

(25)

where sj already contains the terms of the uncoupled joints
ðIaj €qj þ Fvj _qj þ Fcj signð _qjÞ þ soffj

Þ
The TX-40 IDIM is automatically computed using the software

Symoroþ [30] which applies a recursive and optimized Newto-
n–Euler algorithm that gives the model expression with the mini-
mal number of operations [6].

4.2 Identification Results. To validate the proposed method,
a calibrated payload is used (Fig. 1). Its mass has been measured
with an accurate weighing machine (M7¼ 4.59 kg 6 0.005 kg).
The other parameters have been calculated using CAD software.
Their values are set in bold font in Table 1.

Before presenting the identification result, it is to be noticed
that during the identification process, some small base parameters
remain poorly identifiable because they have no significant
contribution in the joint torques [18]. These essential parameters,
which are a subset of the base parameters, can be canceled in
order to simplify the dynamic model. They are calculated using an
iterative procedure starting from the base parameters estimation.
At each step the base parameter which has the largest relative
standard deviation is canceled. A new TLS parameter estimation
of the simplified model is carried out with new relative
error standard deviation %rv̂ri

. The procedure ends when

maxð%rv̂ri
Þ=minð%rv̂ri

Þ < rr, where rr is a ratio ideally chosen
between 10 and 30 depending on the level of perturbation in Y
and W.

The robot joint drive gains and dynamic parameters are identi-
fied using four different methods:

• Case 1: with the IDIM-WLS method introduced in Sec. 3.1,
taking advantage of the knowledge of the ten payload param-
eters, to calculate the vector YL of Eq. (15).

• Case 2: similar to case 1, but considering the knowledge of
the payload mass only.

• Case 3: with the IDIM-TLS method introduced in Sec. 3.2,
taking advantage of the knowledge of the ten payload
parameters.

• Case 4: similar to case 3, but considering the knowledge of
the payload mass only.

The obtained results are shown in Tables 1–4. The parameters
with the subscript R stand for the regrouped parameters [6]. The
results show in all cases that the error on the identified drive gains
grows up to 30%! In the case where the payload mass is used
only, some identified payload parameters are far from the a priori
CAD values. These results could be explained by the fact that
parameters extracted from CAD data are not accurate due to differ-
ences between CAD and reality (errors on material properties, pay-
load shape, etc.). It can also be noticed in Tables 1 and 3 that the

Table 5 Condition number of the observation matrix

Traj. 1 Traj. 2 Traj. 3

Cond (W) 2177 2817 1930

Table 4 The drive gains of the TX-40: A priori Sta€ubli’s data
and identified values with IDIM-TLS. %rv̂ri

is the relative stand-
ard deviation. %ei 5 ĝsi

� gsi0

�� ��= gsi0

�� ��%.

A priori With 10 CAD parameters With 1 weighed mass M7

i gsi0
ĝsi

%rv̂ri
%ei ĝsi

%rv̂ri
%ei

1 32.96 33.80 1.83 2.55 33.90 1.87 2.85
2 32.96 31.50 1.10 4.43 32.40 1.36 1.70
3 25.65 23.50 1.70 8.38 24.20 1.87 5.65
4 �11.52 �8.31 1.99 27.86 �9.21 2.75 20.05
5 18.48 14.50 1.71 21.54 16.30 2.53 11.80
6 7.68 6.12 1.76 20.31 6.79 2.57 11.59

meanð%eiÞ : 14:18% meanð%eiÞ : 8:94%

Table 6 Relative error norms on torque estimation for cross-
validation trajectories

Relative error norm (%)

ĝs ) Manuf Case 1 Case 2 Case 3 Case 4

Traj. 1 Joint 1 12.83 12.64 12.46 12.67 12.52
Joint 2 9.96 9.82 10.04 10.39 9.72
Joint 3 25.80 26.03 26.32 25.53 26.00
Joint 4 15.20 14.88 14.35 16.91 14.30
Joint 5 35.06 35.98 35.27 33.54 35.41
Joint 6 19.36 21.11 19.94 24.10 19.86

Traj. 2 Joint 1 11.44 11.41 11.23 11.38 11.29
Joint 2 7.66 7.81 8.04 7.60 7.46
Joint 3 24.36 24.72 24.72 24.50 24.35
Joint 4 12.24 11.30 10.88 11.31 10.89
Joint 5 30.36 31.55 30.64 31.47 30.50
Joint 6 15.36 18.00 15.71 17.78 15.45

Traj. 3 Joint 1 9.18 8.73 8.73 8.82 8.70
Joint 2 7.29 7.28 7.42 7.07 6.92
Joint 3 24.78 25.39 25.26 25.24 24.86
Joint 4 13.06 12.76 12.09 12.77 12.12
Joint 5 33.71 35.06 33.66 35.05 33.72
Joint 6 16.26 19.28 16.53 19.09 16.23

Mean 17.99 18.54 17.96 18.62 17.79

Table 7 Estimation of the payload mass of 4.59 kg 6 0.005 kg.
%e 5 jM7 � M̂7j=M7%.

ĝs ) Manuf Case 1 Case 2 Case 3 Case 4

Traj. 1 M̂7 4.44 4.32 4.22 4.53 4.57
%rv̂ri

1.68 1.54 1.54 1.54 1.56
%e 3.27 5.88 8.06 1.31 0.44

Traj. 2 M̂7 4.44 4.29 4.19 4.50 4.54
%rv̂ri

1.18 1.09 1.09 1.08 1.10
%e 3.27 6.54 8.71 1.96 1.09

Traj. 3 M̂7 4.46 4.31 4.21 4.53 4.57
%rv̂ri

1.03 0.94 0.94 0.94 0.95
%e 2.83 6.10 8.28 1.31 0.44

Mean(%e) 3.12 6.17 8.35 1.53 0.65
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relative difference between the identified parameters is generally
small with a mean value less than 10%.

4.3 Cross Validations. To validate the methods used in cases
1 to 4, obtained results are cross-validated. Three trajectories, dif-
ferent from each other and from the one used for identification
(condition number of the corresponding observation matrices is
given in Table 5), are performed with the robot on which is fixed

the payload of 4.59 kg. The positions and current measured are
recorded during the robot displacements. Then, the observation
matrix is computed for each trajectory.

First, the actuator torques calculated with the relation (4)
s ¼ vsĝs (where vs is the measured motor current reference and ĝs
the vector of the identified drive gains) are compared with torques
computed using the IDIM (2) s ¼ IDMv̂ (v̂ are the identified
dynamic parameters). Five sets of parameters are chosen.

Fig. 2 Motor torques (joint side units) calculated with identified gains (full thick line) and with IDIM (dotted thick line) of the TX-
40 with the payload of 4.59 kg
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1. drive gains given by the manufacturer and robot and payload
dynamic parameters identified using a classical IDIM-WLS
procedure [18],

2. drive gains and robot/payload dynamic parameters identified
with the IDIM-WLS method introduced in Sec. 3.1, with the
knowledge of the ten payload parameters (case 1, Sec. 4.2,
Tables 1 and 2),

3. drive gains and robot/payload dynamic parameters identified
with the same IDIM-WLS method, with the knowledge of
the payload mass only (case 2, Sec. 4.2, Tables 1 and 2),

4. drive gains and robot/payload dynamic parameters identified
with the IDIM-TLS method introduced in Sec. 3.2, with the
knowledge of the ten payload parameters (case 3, Sec. 4.2,
Tables 3 and 4),

5. drive gains and robot/payload dynamic parameters identified
with the same IDIM-TLS method, with the knowledge of the
payload mass only (case 4, Sec. 4.2, Tables 3 and 4).

For each experiment, the relative error norms kqjk=kYjk com-
puted on each joint j equation are given in Table 6. Results show
that the best reconstruction is achieved for parameters of case 4,
i.e., with parameters identified with IDIM-TLS techniques consid-
ering the knowledge of the payload mass only. In Fig. 2, using the
parameters identified in case 4 of Sec. 4.2, the actuator torques
along the trajectory 1 calculated with the relation (4) s ¼ vsĝs
(where vs is the measured motor current reference and ĝs the vector
of the identified drive gains) are compared with torques computed
using the IDIM (2) s ¼ IDMv̂ (where v̂ are the identified dynamic
parameters). It can be observed that the torques are well calculated
using the identified IDIM. It should be mentioned that the relative
errors for joints 3 and 5 are a bit higher due to unmodeled phenom-
ena (backlash in gearboxes and nonlinear friction terms).

Then, using the data collected on each trajectory, the payload is
estimated using a classical IDIM-WLS [18] presented in Secs. 2.3
and 2.4, in which the actuator torques are calculated with the
relation (4) s ¼ vsĝs which requires the knowledge of the drive
gains. Five different values of ĝs are thus considered, which are
the ones defined in the five previous cases (a priori gains or gains
identified using the techniques presented in Sec. 3). The results
are given in Table 7. Only the payload mass is shown, as it is the
only payload parameter value which we can trust, because it is
accurately weighed.

It can be observed that the best payload estimation is obtained
for drive gains identified in case 4 (%e¼ 0.65%), i.e., with IDIM-
TLS techniques considering the knowledge of the payload mass
only. The worst results are obtained for the gains identified in
cases 1 and 2 (%e¼ 8.35%), i.e., the gains obtained with the
modified IDIM-WLS procedure. Indeed, as mentioned previously,
the noises in YL and Wr of Eq. (16) are correlated. Such correla-
tion introduces a bias in the results and leads to wrong estimation
of the parameters. In order to definitely validate our method, a
second payload of 1.686 6 0.005 kg is attached on the end-
effector and the same experiments are performed. Then, using the
data collected on each trajectory, the payload is estimated using a

classical IDIM-WLS [18], in which the actuator torques are calcu-
lated with the relation (4) s ¼ vsĝs. The same five different values
of ĝs are considered. The results are given in Table 8.

Once again, it can be observed that the best payload estimation
is obtained for drive gains identified in case 4 (%e¼ 0.67%), i.e.,
with IDIM-TLS techniques considering the knowledge of the
payload mass only. This result is very close to the one obtained
with the mass used for the identification (%e¼ 0.65% in Table 7),
i.e., the identified gains make the identification not sensitive to the
added mass. And the worst results are obtained for the gains
identified in cases 1 and 2, i.e., the gains obtained with the modi-
fied IDIM-WLS procedure which leads to a biased parameter
estimation.

All these results show the effectiveness of this approach: for
calibrating the drive gains, it is only necessary to weigh the pay-
load mass and to carry out standard trajectories of industrial robot.
And the calibration of the drive gains improves the torques esti-
mation and parameters identification.

To conclude this section, and in order to strengthen the method
validation, we would like to mention that the proposed method
has been experimentally tested on two other industrial robots (the
Sta€ubli RX-90 robot (about 10 kg of payload) and the Kuka
KR270 robot (270 kg of payload)) and on two prototypes of paral-
lel robots developed in French laboratories (the Orthoglide from
the IRCCyN of Nantes [31] and the DualV from the LIRMM of
Montpellier [32]). Experimental results have shown significant
improvements of the identification of the drive gains values lead-
ing to better payload estimations for all these robots compared to
the manufacturer’s values.

5 Conclusion

This paper has presented a new method for the global identifi-
cation of the robot dynamic parameters including the gains of the
total drive chain. This method is easy to implement and does not
need any special test or measurement on the components of the
joint drive train. It is based on an IDIM-TLS technique using
motor current reference and joint position sampled data while the
robot is tracking some reference trajectories without load fixed on
the robot and some trajectories with a known payload fixed on the
robot end-effector. The ten inertial parameters are measured or
calculated by CAD software. The method has been successfully
experimentally validated on a St€aubli TX-40 robot.

Four methods have been tested: (i) a modified IDIM-WLS
using ten payload parameters calculated with CAD, (ii) the same
modified IDIM-WLS using only accurately weighed payload
mass, (iii) the IDIM-TLS using ten payload parameters calculated
with CAD, and (iv) the IDIM-TLS using only accurately weighed
payload mass. Then, using the manufacturer’s drive gains and the
identified ones, results have been compared in terms of torque
reconstruction and payload parameter estimation. The best results
have been obtained when the IDIM-TLS is performed with the
weighed payload mass only while modified IDIM-WLS techni-
ques gave the poorest results due to noise correlations between the
observation matrix and the measurement vector.

This approach is very simple to perform and the experimental
results have shown its effectiveness: for calibrating the joint drive
gains, it is only necessary to accurately weigh the payload mass
and to carry standard trajectories of industrial robot.
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