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Abstract: A haptic system consists in an articulated mechanical structure with motors 
and position sensors, as well as embedded electronics allowing force feedback. It is 
driven by a haptic interface, which enables the user to interact with an image in a virtual 
reality application, through the sense of touch. This paper presents a protocol allowing 
the identification of both electrical and mechanical parameters using inverse models and 
least-squares techniques, in order to achieve a robust control strategy of the overall 
system in terms of transparency and stiffness. Copyright © 2006 IFAC 

Keywords: least-squares identification, haptic interface, synchronous machine, viscous 
and Coulomb friction, electrical parameters. 

1. INTRODUCTION 

A haptic interface is a computer device, which 
enables its user to interact with the image in a virtual 
reality application or model, through the sense of 
touch. Users can experience feelings of touch and 
movement thanks to this technology that optimizes 
human communication with machines and intensifies 
a human's immersion in a virtual world. Such 
systems are in growing demands for applications 
such as mobile robotics, force feedback remote-
control systems for extreme environment, man-
machine interaction and training in professional 
operating procedures (Colgate, et al., 1993; Millman, 
et al., 1993). They consist in an articulated 
mechanical structure with motors and position 
sensors, as well as embedded electronics. The user 
holds the end-point of the structure in his hand, and 
can move it around, both in the real and in the virtual 
world on the computer screen (Fig. 1). Whenever his 

virtual hand makes contact with a digital object, a 
force value is sent to the motors, which simulates a 
real contact (Khatounian, et al., 2005).  

The proposed system (Fig. 2) is based on brushless 
Permanent Magnet Synchronous Machines (PMSM). 
The objective of the study is to obtain a torque 
regulation with the best dynamic behavior and 
without ripples in order to have the best stiffness and 
transparency of the system. Therefore, an accurate 
dynamic model of the system is required to control or 
simulate virtual motions. These models depend on 
the geometric parameters of the interface (length of 
links, angle between joint axis…) which are 
supposedly known and on the dynamic electrical and 
mechanical parameters (permanent flux, stator 
windings resistance and inductance, inertia, 
friction…). This paper establishes a simple protocol 
allowing the identification of the dynamic parameters 
using inverse models and least squares techniques. 
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Fig. 1.  Articulated mechanical structure for haptic 
interfaces (VIRTUOSE). 

Section 2 presents the explicit electrical and 
mechanical models of the overall system. Section 3 
describes the least-squares technique used to identify 
the desired parameters. Section 4 gives the 
experimental protocol for data measurements and 
filtering necessary to the identification. Results prove 
the feasibility of the protocol by comparing 
constructor or expected parameters with the 
identified ones. 

2. EXPLICIT ELECTRICAL AND 
MECHANICAL MODEL OF THE SYSTEM 

2.1 Electrical model of the synchronous machine 

The PMSM electrical model, in the Park synchronous 
reference frame (Leonhard, 1985; Vas, 1990) is 
described in Eq. (1) and (2). R is the stator winding 
resistance, Ld and Lq the direct and quadrature axis 
inductances, whereas Vd, Vq, Id and Iq are the direct 
and quadrature axis voltage and current components. 
ϕf is the permanent magnet flux, p the number of 
poles and Γ the electromagnetic torque.  

.
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In this case, the chosen PMSM is symmetrical with a 
non-salient rotor. The direct and the quadrature stator 
inductances are equal and Eq. (2) is simplified as 
follows:  

d qL L L= =     (3) 

2
. . .

3 f q c qp I K IϕΓ = =    (4) 

where Kc is the torque constant. 
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Fig. 2. Experimental single degree of freedom haptic 
interface. 

In order to use the least-squares identification 
method, the q axis system described in Eq. (1) is 
written as an inverse linear model. 
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1, pe

q j j
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The electrical parameters to identify are the stator 
windings resistance R, the stator windings inductance 
L and the permanent fluxϕf. 

2.2 Mechanical model of the haptic system 

The inverse dynamic model of a rigid system gives 
the motor torque as follows: 

f

U
Jq

q

∂
Γ = + + Γ

∂
��    (6) 

where q and q��  are respectively the joint position and 

acceleration, J is the global inertia of the system, U
its potential energy and qU ∂∂  the gravitational 

torque. The friction torque Γf is measured according 
to the method developed by Spetch and Isermann 
(1988). It consists in measuring the torque at 
different constant speeds and eliminating all transient 
modes. Fig. 3 shows that the friction model can be 
considered at non-zero velocity as the following, 
where sign ( )q�  is the sign function of the velocity q� , 

and fc, fv respectively denote the Coulomb and 
viscous friction coefficients.  

( )f c vf sign q f qΓ = +� �    (7) 
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Fig. 4. Frames and joint variables of the haptic device 
at the handle and pulley.  

An inverse dynamic model is obtained. It is linear to 
a set of Np minimum dynamic parameters (Gautier, 
1990; Khalil and Dombre, 2002): 

( ) ( ) ( )cos sinX Y v cJq M g q M g q f q f sign qΓ = − + + +�� � �

1,
i i

i Np

W X
=

Γ = ∑     (8) 

where [ ] [ ]
t t

X Y G GM M m X Y= , m is the mass of 

the handle and XG, YG are the coordinates of the 
center of gravity G of the rotating body (Fig. 4), in 
the body-fixed frame (O, x1, y1).  

Finally, the set of mechanical parameters to identify 
is (J, MX, MY, fv, fc). 

3. LEAST-SQUARES IDENTIFICATION 
TECHNIQUE 

3.1 Least-squares method 

Generally, ordinary least-squares (LS) technique is 
used to estimate the minimum dynamic parameters 
solving an overdetermined linear system. This system 
is obtained from a sampling of a dynamic model 
along a given trajectory (z,z,z)� ��  (Gautier and Khalil, 

1988; Gautier, et al, 1995). z is a rx1 vector, which 
represents for example the current vector Iq in the 
electrical parameters identification or the joint 
position vector q in the mechanical parameters 
identification. (z,z)� ��  are the first and second order 

derivatives of z. The system is described as follows: 

Y WX ρ= +     (9) 

where X is the optimal parameters vector to identify, 
Y the measurements vector, W the observation 
matrix and ρ the vector of errors. 

The L.S. solution X̂  minimizes the 2-norm of the 

vector of errors ρ. The singularity of X̂  depends on 
the rank of the observation matrix W.  

In order to avoid the problem of structural parameters 
identifiability and/or the problem of optimal 
measurements and in order to decrease the sensitivity 

of X̂  to errors in Y and W, we consider the minimal 
set of parameters and the conditioning of W.  If the 
trajectory is sufficiently exciting, then the condition 
number of W will be close to one. W is a rxNp full 
rank and well conditioned matrix obtained by 
tracking an exciting trajectory. 

Standard deviations 
X̂i

σ  are estimated using classical 

results from statistics. The matrix W is supposed to 
be deterministic and ρ a zero-mean additive 
independent noise, with a standard deviation such as: 

2( )T
rC E Iρρ ρρ ρ σ= =    (10) 

E is the expectation operator and Ir the rxr identity 
matrix. An unbiased estimation of  ρσ  is: 

2

2
ˆ

ˆ
Y WX

r Npρσ
−

=
−

    (11) 

The covariance matrix of the standard deviation is 
calculated as follows: 

( ) ( ) ( )
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T
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2
ˆ ˆ ˆ

iiXi XX
Cσ =  is the ith diagonal coefficient of ˆ ˆXX

C . The 

relative standard deviation ˆ%
riX

σ is given by: 

ˆ

ˆ% 100*
ˆ

i

ri

X

X
iX

σ
σ =    (13) 

However, in practice, W is not deterministic. This 
problem can be solved by filtering the measurement 
matrix Y and the columns of the observation matrix 
W as described in Gautier (1997) and Pham (2002).  

3.2 Data filtering 

Vectors Y and z are samples measured during an 
experimental test. The derivatives z�  and z��  are 
obtained without phase shift using a centered finite 
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difference of the vector z. Knowing that z is 
disturbed by high frequency noises which will be 
amplified by the numeric derivation, a lowpass filter 
with an order greater than 2 is used. The choice of 
the cut-off frequency ωf is very sensitive because the 

filtered data ( ), ,f f fz z z� ��  must be equal to the vector 

( ), ,z z z� ��  in the range [0, ]fω , in order to avoid 

distortion in the dynamic regressor. The filter must 
have a flat amplitude characteristic without phase 
shift in the range [0, ]fω  with the rule of thumb 

10*f dynω ω> . ωdyn represents the dynamic 

frequency of the system. Considering an off-line 
identification, this is easily achieved with a non-
causal zero-phase digital filter, by processing the 
input data through an IIR lowpass butterworth filter 
in the forward and reverse direction. The 
measurement vector Y is also filtered. A new filtered 
linear system is obtained: 

f f fY W X ρ= +     (14) 

There is no more signal in the range [ , / 2]f sω ω , 

where ωs is the sampling frequency. Vector Yf and 
matrix Wf are re-sampled at a lower rate after 
lowpass filtering. One sample over nd samples is 
kept, in order to obtain the final system to identify:   

fd fd fdY W X ρ= +     (15) 

0.8
2.

s
d

f

n
ω

ω
=     (16) 

4. PARAMETER IDENTIFICATION 

4.1 Parameter pre-estimation 

On the long term, the objective of this study is to 
identify the electrical and mechanical parameters of 
the system without previous knowledge of them. In 
order to validate the proposed method and to 
compare theoretical values with estimated ones, the 
nominal values of the electrical parameters given by 
the PMSM manufacturer are considered (Table 1).  

The mechanical parameters J, MX and MY are 
calculated from nominal values. The global inertia J
is determined as: 

2
s mJ J N J= +     (17) 

where J is the global inertia of the system, Js the 
experimental structure inertia, N the ratio of the 
reductor and Jm the motor inertia. MX and MY are 
calculated assuming that the center of gravity G is 
aligned with the handle axis X1. MX is deduced from 
the classic mechanical rules and MY is close to zero. 
Friction coefficients were estimated from the specific 
identification test described in section 2.2. 

Table 1 Pre-estimated electrical and mechanical 
parameter values

Electrical 
parameters 

Nominal 
values 

Mechanical 
parameters 

Nominal 
values 

R (Ω) 0,65 J (kg.m²) 1,45.10-3 

L (H) 2,55.10-4 MX (kg.m) 2,5.10-3 

ϕf (Wb) 0,027 MY (kg.m) 0
  fv (Nm.s.rad-1) 2,3.10-3 

  fc (Nm) 6.10-2 

4.2 Identification of the electrical parameters 

The electrical model of the permanent magnet 
synchronous machine given in Eq. (1) can be written 
as the following linear system. It allows the 
identification of the three electrical parameters. 

e e eY W X=     (18) 

where Ye, We and Xe are respectively the electrical 
measurement vector, observation matrix and 
parameter vector. 

( ).

e q

t

e f

e q q d

Y V

X R L

W I I I

ϕ

ω ω

⎧ =
⎪
⎪ ⎡ ⎤=⎨ ⎣ ⎦
⎪

⎡ ⎤= +⎪ ⎣ ⎦⎩
�

  (19) 

Quadrature tension Vq, direct and quadrature currents 
Id and Iq and the electrical speed ω were measured, 
with a sampling period of 60μs. A trapezoidal current 
reference is used. This trajectory was chosen because 
it allows an easy derivation thus, a good excitation of 
all parameters including the inductance L. Vector qI�

was derived from the current vector Iq, and all data 
were filtered as described in section 3.2.  

Table 2 Estimated and nominal electrical parameter 
values

Electrical 
parameters 

Nominal 
values 

Estimated 
values rX̂

%σ

R (Ω) 0,65 0,76 0,11 
L (H) 2,55.10-4 2,8.10-4 1,96 

ϕf (Wb) 0,027 0,02 0,7 
 Cond(W)=29   

The parameters obtained with the least-squares 
technique are given in Table 2 and compared to the 
constructor values. In order to obtain the best results, 
different tests and identification were realized. Each 
one gives a new set of parameters which are all close 
to each others. The average value of all tests has been 
presented in the table which shows that the 
differences between constructor values and estimated 
values are small.  
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Figure 5 shows the trapezoidal waveform of the 
current Iq used as the identification trajectory, the 
measured and estimated quadrature voltage Vq and 
the voltage estimation error obtained after 
identification. The obtained voltage error is less than 
10% relatively to the measured voltage. In addition to 
the previous comparison made between constructor 
and estimated values, this figure validates our 
procedure concerning the electrical parameters 
identification. 

4.3 Identification of the mechanical parameters 

The mechanical model of the haptic device given in 
Eq. (8) can be written as the following linear system. 
It allows the identification of the five mechanical 
parameters. 

m m mY W X=     (20) 

where Ym, Wm and Xm are respectively the 
mechanical measurement vector, observation matrix 
and parameter vector. 

[ ]

( ) ( ) ( )

.

.cos .sin

m c q

t

m X Y v c

m

Y K I

X J M M f f

W q g q g q q sign q

= Γ =⎧
⎪⎪

=⎨
⎪

= −⎡ ⎤⎪ ⎣ ⎦⎩ �� � �

(21) 

Quadrature current Iq and joint position and velocity 
q and q�  were measured with a sampling period of 

240μs and using a trapezoidal speed reference. This 
trajectory was chosen because it is equivalent to a 
rectangular trajectory for the joint acceleration. It 
allows the estimation of the inertia term due to the 
change of the acceleration sign, of the gravitational 
and viscous friction terms because the velocity is 
constant over a time period and of the Coulomb term 
due to the change of sign of the velocity. Vector q��
was derived from the speed vector q�  and all data 

were filtered as described in section 3.2.  

The parameters obtained with the least-squares 
technique are given in Table 3 and compared to their 
nominal values. In order to obtain the best results, 
different tests and identification were realized, each 
one giving a new set of parameter. The average value 
of all tests has been presented in the table which 
shows that the differences between the nominal 
values and estimated values are minimal. Notice that 
MY is probably due to a non-homogeneity of the 
handle.  

Figure 6 shows the trapezoidal waveform of the 
speed ω used as the identification trajectory, the 
measured and estimated torque ΓΓΓΓ and the torque 
estimation error obtained after identification. The 
obtained torque error is less than 10% relative to the 
measured torque. In addition to the previous 

comparison made between calculated and estimated 
values, this figure validates our procedure concerning 
the mechanical parameter identification. 

Table 3 Estimated and calculated mechanical 
parameter values.

Mechanical 
parameters 

Nominal 
values 

Estimated 
values rX̂

%σ

J (kg.m²) 1,45.10-3 1,46.10-3 0,4 
MX (kg.m) 2,5.10-3 2,3.10-3 4,7 
MY (kg.m) 0 0,9.10-3 6,5 

fv (Nm.s.rad-1) 2,3.10-3 2,2.10-3 2,5 
fc (Nm) 6.10-2 6.10-2 0.8 

 Cond(W)=20   

4.4 Estimation of haptic system limits 

The identification of the electrical parameters 
improves the control strategy of the PMSM in terms 
of response time and dynamics. It allows afterward 
the implementation of a ‘virtual wall’ as described by 
Abbot and Okamura (2004) in order to test the haptic 
device. This wall is passive as long as the following 
relation is satisfied:  

⎟
⎠
⎞

⎜
⎝
⎛

Δ
≤ cv f

T

f
K 2,2min    (22) 

K is the stiffness of the virtual wall. It corresponds to 
the static torques that can be elicited by penetrating a 
given angular distance into the virtual surface. fv and 
fc are respectively the viscous and Coulomb friction 
coefficients identified previously, T is the sampling 
period of the haptic loop regulation, and Δ is the 
encoder resolution.  
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estimation error.  

Theoretical results show that in this case, stiffness is 
limited by the term fv/T. Figure 7 presents the torque 
elicited by penetrating a given angle in the ‘virtual 
wall’. The slope of the curve corresponds to the 
stiffness experimentally obtained. It is 10% smaller 
than the maximum shown in Eq. (22). Thus, the 
identification of the mechanical parameters allows 
the validation of the developed control strategy in 
terms of ‘wall passivity’.  

The presented protocol is very useful in order to 
identify an unknown interface and establish the 
correct control strategy without previous knowledge 
of the electrical and mechanical parameter values. 

5. CONCLUSION 

This paper presented the identification of the 
electrical parameters of a permanent magnet 
synchronous machine, along with the identification 
of the dynamic parameters of the haptic device, using 
inverse dynamic model and the least-squares 
technique. The estimated parameters are close to the 
nominal ones and the comparison of the 
measurement and estimated voltage and torque 
vectors show a less than 10% error. The results 
obtained show the feasibility of the described 
protocol. 
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