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Abstract - In many applications for industry and everyday life electromagnetic actuators have become the standard for 
mechatronic systems. Actuators with a serial compliance (fixed or variable spring rate) in the actuation system are currently 
investigated. Further methods for interaction monitoring are required due to the specific resulting dynamics. The interaction 
torque is of particular interest. Based on a precise modeling of the electrical actuator and mechanics, an Unscented Kalman Filter 
(UKF) was developed. This was compared as a torque sensor with integrated strain gauges and a spring deformation based 
approach. In addition to the dedicated torque measurements, current sensors are treated. A three-phase current sensor was used 
for this purpose in addition to the integrated sum current sensor. Finally, the suitability of the individual sensors for individual 
actuator topologies is discussed. All methods were experimentally tested with a variable impedance actuator for rehabilitation 
robotics.  
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I. INTRODUCTION 

 
In the following article, various sensor concepts for 

variable impedance actuators and conventional actuators are 
presented. Torque measurement is of essential importance 
for many applications [1]. Minimizing the instrumentation 
effort seems desirable for controlled mechatronic systems.  

A torque sensor typically makes the power transmission 
more compliant. For example harmonic drive gears are 
assembled with a slightly elastic part, the flexspine, which is 
directly connected to the output of the transmission gear. To 
measure the transmission torque, the deformation of this 
elastic component can be used by applying strain gauges [2] 
and by using two precise angle sensors that measure the 
deformation [3]. In industrial applications, there are also 
other approaches for interaction force estimation for rigid 
actuator chains, such as machine learning [4].  

There are different reasons making compliant actuation 
attractive. One of them is, that it contributes to the safety of 
robots used in human environments: in case of collision, the 
robots should be as compliant as possible [5] [6]. Likewise 
the human joints themselves act like variable elastic joints 
[7]. Due to this, the actuators of some exoskeletons and 
assistive devices are elastically connected [8], [9]. The 
human knee changes its compliance depending on the task 
that is executed through the different co-activation of 
agonists and antagonists. For rehabilitation robotics, a 
variable impedance actuator allows a patient-adjusted level 
of assistance. That change of joint stiffness leads to a design 
approach of variable impedance actuators (VIA) [10] [11].  

Elastic joints can also be more efficient, because they store 
and release energy in their elastic elements [12].  

If the actuator consists of rigid elements for power 
transmission, the interaction torque can be estimated using 
an accurate model description of the system. These 
approaches minimize the use of sensing elements. For a 
well-defined model of an actuated exoskeleton and a 
simplified human load, it is even possible to estimate the 
driving torque using the mechanical equations [13].  

The actuator used for the experiments is the second 
version of a mechanical rotational impedance actuator 
(MeRIA) also including a harmonic drive gearbox [14]. As 
additional sensor signal an external current sensor has been 
added. This paper presents measurement results of strain 
gauges installed to the elastic elements of the actuator.  
Furthermore the interaction torque is estimated using other 
sensor signals and a model based approach.  

This paper is an extension of a publication from the 
SIMS 2016 Conference [15].  

 
 

II. METHODS AND MATERIALS 
 
The following subsection describes the sensor systems 

involved, a detailed modeling of the VIA and the 
development of a torque estimator.  

 
A. Torque-Estimation 
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A1. Modeling the Nonlinear Compliance:  
 
We developed a variable impedance actuator (VIA) 

with two parallel arranged leaf springs to use on an 
exoskeleton,  [14]. The schematic representation of the 
elastic connection of the actuator is shown in Figure 1. 
In approximation, the mountings of both leaf springs (a 
and b) are rigidly connected (cantilever beams). The 
sliders (d and e) can move along the springs. Both 
sliders are rigidly connected to the power take-off end 
(c).  

 

 
Figure 1.  Schematic representation of the variable serial elasticity of the 

actuator. 
 
  

An interaction load torque bends the springs as shown in 
Figure 1. The change of the effective lengths can be 
described by  





assuming a rigid linkage of sliders and leaf springs.  
The lengths  and  are the effective lengths of the leaf 

springs. The angle of rotation φ is placed in the rotational 
axis of the load. The dimensions  and  are the distance 
between both sliders and the lever arm of the sliders. All 
dimensions are illustrated in Figure 1. The displacement  
of both springs in the x direction is identical, caused by the 
rigid connection.  



The deflection of a cantilevered spring is also defined by 



with force F, the modulus of elasticity E, the effective 
length of springs  and the moment of inertia of area I. If 
springs are bent, one length decreases, the other increases, 
but the absolute deflection of both is equal, therefore the 
shorter spring carries the greater load. This needs to be 
considered during the design, especially for the safety factor 
of the elastic components. For the MeRIA with two CK75 
(Steel: 1.1248) leaf springs with a cross section of 3 mm x 
10 mm, the maximal calculated relative load difference is 
about 14 %. The maximum permissible torque is 15 Nm.  
However, the change in effective length barely affects the 
spring rate of the actuator. Figure 2 shows the spring rate; 
the simulation results are highlighted in blue.  

 

 
Figure 2.  Spring rate of the variable serial compliance (modelbased).  
 
 

A similar characterization about the elastic elements is 
also to be investigated in other serial elastic and variable 
impedance actuators. In this example, the spring function is 
a non-linear MISO (multiple input, single output) system, 
and an analogous characteristic function is also to be 
expected for other drives with variable stiffness.  

 
A2. Modeling the Motor and Gearbox: The electrical part 
of a motor can be modeled as a serial branch of passive 
elements and controlled voltage source  



with the winding resistance R, motor inductance L, back 
electromotive force , the supply voltage U and the 
motor current . The current is directly linked to the motor 
torque as the product of current and motor size constant 

. The motor, which is installed in front of the gear box, 
is associated with a small moment of inertia, but rotates very 
fast, hence its inertial effect can not be neglected. The 
passive mechanical model of the motor consists of the 



B. PENZLIN et al: MEASUREMENT AND ESTIMATION CAPABILITIES FOR A CLASS OF VARIABLE  . . . 

DOI 10.5013/IJSSST.a.18.03.03                                            3.3                              ISSN: 1473-804x online, 1473-8031 print 

moment of inertia  and the Coulomb friction of its 
bearings . The Coulomb friction consists of two 
parts, the dry friction (sign function, ) and the wet friction 

(proportional to the angular velocity, ). The available 
motor torque is reduced by these components.  

  

  
Figure 3.  Block diagram of the reduced electromechanical model of the MeRIA (VIA). 

So the motor torque  is defined by   



A basic model of the gearbox includes the gear-ratio, 
mass moment of inertia and a friction description. For the 
MeRIA a harmonic drive (HD) with a ratio r = 100:1 is 
chosen. In order to take account of the friction of the 
integrated cross roller bearings, Coulomb friction seems to 
be a suitable model. Due to the high reduction ratio, we 
have noticed a strong breakaway torque in the prototype. 
The moment of inertia of motor and gearbox can be lumped. 
In comparison to the leaf springs, the HD gearbox is a rigid 
drive element, so its spring rate is neglected for the 
mechanical model. With conventional actuators, the elastic 
behavior of various drive train components must also be 
investigated. In our model, the transmission can thus be 
represented by multipliers.  

The actuator includes a variable serial elastic element; 
this is considered as a characteristic curve, shown in Fig. 2. 
The blue markers represent simulation results. The red curve 
is a polynomial fit of fifth order of the simulation results, 
this polynomial 



can be used to model the variable compliance. The overall 
model is summarized in Figure 3 as a block diagram. The 
dynamic model of the electrical passive parts of the motor is 
not shown, because the electrical time constant is 

considerably smaller (0.8 ms) than the following system 
time constants. During the experiments, the motor current is 
recorded directly. The initial parameters for this model are 
taken from the data sheets of the single components. For the 
mechanical parts of MeRIA, an FEM-model was used to 
calculate mechanical parameters.  

The passive load, used during the experiments, is a 
pendulum with the lever arm  and the mass . For all 
subsystems the ordinary differential equation can be 
formulated 



A3. Unscented Kalman Filter: State equations are a 
general form to describe dynamic processes. In addition 
to the systematic deviation, the measurement is 
commonly disturbed by noise (e.g. thermal noise, 
quantization noise). One approach to model this noise is 
additive white Gaussian noise. By adding this noise to a 
system it becomes a stochastic process. Deterministic 
defined state vectors are substituted by sizes like mean 
and variance. An ideal filter minimizes the variance or 
residuum of the state vector. For the description, we first 
define the non-linear dynamic system with 
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where is the state vector, 
and  are non-

linear, unsmooth vector fields,  is the input vector, 
and  is the output vector. Every noise component 

  (process noise) and   (measurement noise) 
is uncorrelated zero-mean white Gaussian noise processes. 
Rudolf Kalman published a structure based approach to 
implement filters [16]. The first Kalman filters are stated for 
disturbed linear systems with the intention to minimize the 
variance. For nonlinear systems there are different types of 
extensions for the Kalman filters [17]. One of these filters is 
called extended Kalman filter (EKF), where the nonlinear 
systems are linearized calculating the Jacobian matrix 

 for each . One other approach is called 
unscented Kalman filter (UKF), where so-called sigma 
points propagate through the non-linear system equations 
and are evaluated statistically. Non-linear, unsmooth vector 
fields can not be linearized over the whole operating range. 
Thus the filter of choice is UKF, its implementation is 
described in the following section.   

 
A4. Implemented Filter: For an acquisition system with 
constant sampling time, the state space model is 
discretized to 



 

The sigma points  are calculated based on the previous 
estimated state vector  and the covariance matrix  of 
the state vector with  



where  indicates the i-th column of a matrix. The 
square root of the covariance matrix is determined 
performing the so-called Cholesky decomposition. 
Therefore, the covariance matrix needs to be positive semi-
definite. The constant c is calculated using variant 
configuration parameters:  

 

Depending that the application α is in the range of 
[0.0001, 1], κ is set to 0 or  [18]. For each sigma 
point, a weighting function is calculated by 



The calculated sigma points are propagated through the 
discretized system 



The unscented transform (UT) is fundamental for the 
UKF, where it is used for prediction. The variables of the 
UT are weighted and propagated by sigma points 



The covariance matrix is defined by 



with 



and a weighting function  which is equal to  for  
i > 0 and  is equal to , where β is used 
to adapt to the certain probability distributions. After that 
procedure an update step follows. First, the sigma points 

 are calculated for the predicted state vector  
according to equation (13). The sigma points propagate 
through the output function . Afterwards, the 
unscented transform is performed according to equation 
(15), (16) and (17). For calculation the covariance  
continues analogously to equation (18) and (19). In the last 
prediction steps, the cross-covariance matrix 



the Kalman gain 

 

and at last the estimated state vector 
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are calculated. The vector  is the measurement 
variable, which is used to calculate the estimation error with 
respect to the predicted output . The covariance matrix is 
assessable by 



B. Torque-Measurement 
 
In the following section various alternative methods of 

torque measurement for a VIA are presented. Common 
torque sensors quantify the deformation of a well-defined 
mechanical component. This deformation means that a 
compliant element is added to the drive. As a reference for 
test bench experiments, we have deployed a measuring shaft 
DR-2477 (Lorenz, Bergisch Gladbach, Germany), which 
has a spring rate of 20,000 Nm/rad. In a serial elastic 
actuator, there is always a part with an appropriate spring 
rate. In our case there are two leaf springs. To measure the 
spring load, which also represents the interaction torque, 
strain gauges can be installed on the surface. Before 
installation of the strain gauges, the maximum strain has to 
be calculated. Therefore SolidWorks (Dassault Systemes 
SolidWorks Corp., Waltham, Massachusetts, USA) models 
with a solver for large expansions (see Figure 4) and, for 
comparison, the equations of the deflection curve were 
evaluated.  

 

 
 

Figure 4.  FEM model (SOLIDWORKS) of leaf springs to assess the 
strain and find a suitable position for strain gauges. 

 
The simulations are executed for different effective lengths 
and loads. This procedure helps to find a well suited 
position of strain gauges, which avoids overextension and 
adjusts the output signal. For the used spring steel and the 
maximum deformation, we decided to use foil strain gauges 
of the type FAE2-A6248P-35-S6E (Vishay, Heilbronn, 
Germany). With a surface of $4.8~mm$ x $5.3~mm$, the 
sensor elements are small and do not reduce the available 
effective spring length. As a precaution, the soldering joints 
and the foil itself are covered by a layer of elastic epoxy. 
The strain gauges installed on the leaf springs are presented 
in Figure 5.  
 
 

 
Figure 5.  Assembly of the strain gauges for torque measurment on the 

leaf springs of the VIA. 
 
 

C. Current Sensor 
 
For electric machines, the current flow and torque are 

approximately linearly linked. Therefore, current sensors are 
necessary when monitoring the sum current of the motors. If 
the power electronics and the control unit of the sensor are 
integrated into one component, this sensor can no longer be 
installed. In this case, the motor phases must be measured 
individually. The measurement of the power consumption of 
the motor controller unit can not be used directly for torque 
determination, as both voltage and current control follow. 
For both current sensor variants, the direction recognition of 
the torque has to be treated afterwards. The buck converter 
provides a DC voltage which is only transmitted to the 
motor phases by a commutation device. Thus the measured 
output current will always be positive for the motor in the 
driving quadrant. The position of the two current sensor 
positions is shown in Figure 6.  

 

 
 

Figure 6.  Position of both tested current sensor positions for 
electromagnetic actuators. 

 
In the prototype used here, a sum current sensor is 

integrated in the motor controller, ESCON Module 50/5 
(Maxon Motor, Sachseln, Switzerland). Current sensors, 
ACS712 (Allegro MicroSystems, Worcester, Massachusetts, 
US), were installed in the three motor phases. Alternatively, 
two sensors are sufficient, since the phases are wired in a 
star configuration and the sum current of the three phases 
therefore always equals to zero.  
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D. Angle Sensor 

 
Conventional angle measurement is carried out with 

separate sensors, which are incremental encoders or 
absolute angle encoders with different sensor technologies. 
Two dedicated sensors are installed on the test bench. On 
the load side, an encoder HDmag MHAD 50 (Baumer, 
Frauenfeld, Switzerland) is installed, which has an absolute 
angular resolution of 16 bit/rotation. A MILE encoder, 
providing a resolution of 1,600 pulses per turn, is integrated 
in the motor. Alternatively, the sensor signals of the motor's 
electronic commutation can be used for relative angle 
measurement.  

Presumably, the Hall sensors of a BLDC motor serve 
enough accuracy; in this case just one additional encoder 
would be needed. The EC 90 Flat is designed with 12 pole 
pairs and 3 phases, thus the accuracy is 72 pulses per turn. If 
a sufficiently rigid reduction gear unit is used, the accuracy 
with regard to the gearbox output is approximately 
improved by the gear ratio. Assuming a rigid gearbox the 
resolution is increased: 72 pulses per turn x 100 →  
7,200 pulses per turn. This calculation of the load-related 
angular resolution is also valid for the MILE encoder, which 
results in a resolution of 160,000 pulses per turn. 
(Comparison: 16 Bit → 65,536 numbers per turn). 

 
E. Measurement and Test Setup 
 
In this subsection the measurement devices and the test-

bench for the practical validation are described. The whole 
experimental setup is shown in Figure 7. On the left side, 
the motor and gear reduction is placed (1); for the test-
bench, a special mounting device is installed. Here, also the 
first encoder, gathering the motor position, is included. 
During the tests, the effective length of the leaf springs is set 
to 80 mm (2). The passive load (4) is a lever arm (0.35 m) 
with an attached dumbbell disc (10 kg). For reference the 
torque signal of a measuring shaft (3) is deployed. The angle 
of the load is recorded using angular encoder (5). For 
overall control and data acquisition, a real time system 
DS1103 (dSPACE, Paderborn, Germany) is utilized. The 
EC 90 flat (Maxon Motor, Sachseln, Switzerland) is 
accessed with a motor controller ESCON Module 50/5.  

 
Figure 7.  Test-bench for variable impedance actuators. 

 
 

In the experiments, the pendulum was excited with 
different sine oscillations; the motor was controlled by PI 
(proportional integral) control loops (optimum criteria).  

 
III. EXPERIMENTAL RESULTS 

 
In this subsection the experimental results are presented.  

In the first attempt, the torque was specified sinusoidal 
(amplitude 4 Nm and frequency 2 rad/s). For the current-
related experiments, the amplitude has been set to 1 A.  

 

A. Integrated Torque Sensors (Strain Gauges) 

The measured data using the new integrated strain gauge 
torque sensor is presented in Figure 8. The purple waveform 
is the reference torque from the measuring shaft. The yellow 
and red curves represent the torque signals of both strain 
gauge equipped leaf springs.  

 

 
Figure 8.  Measured interaction torque. 
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The measurement results of the reference measuring 
shaft and both full bridges with strain gauges provide a 
similar result. The effective spring length of the leaf springs 
must be observed in the application of the strain gauges.  

 
B. Current Sensor and UKF  

 
The measurement signals of both angular position and 

motor current are used to estimate the interaction torque. 
The Basis for the UKF is shown in Figure 3, the result of the 
UKF is presented in Figure 9. The reference signal is 
colored in red, the estimation result in blue.  

 

 
Figure 9.  Measured interaction torque. 

 

A phase shift of the motor current signal with regard to 
the reference signal and the UKF result is easily 
recognizable, due to the flexible structure of the variable 
impedance actuator. This also follows from the linearized 
equation of motion for a fixed load 



For comparable compliant actuators, the motor current 
cannot be used directly for torque calculation. The UKF 
provides good results, with the model-based approach 
compensating for the phase shift.  

In the test-bench, two angular sensors are installed, one 
of them is already integrated in the VIA. If the spring rate is 
known, the deflection (difference between drive and load 
positions) is directly correlated to the interaction torque. For 
a VIA, this could also be an option to measure the torque. 
The Baumer encoder, placed at the load, provides a 
resolution of 16 bit. The angular position on the motor side 
resolves 160,000 pulses per turn. Using both positions and 
the determined spring rate the derived torque (red line) is 
displayed in Figure 10.  

 
Figure 10.  Displacement dependent torque (red) and reference torque 

(blue). 
 

In addition to the current characteristics shown in Figure 
9, the phases can be recorded separately. A recorded phase 
current is shown in Figure 11. This also allows the 
switching behavior to be examined. Note that the motor is 
operated by block commutation, which results in the broad 
distribution of the current signal. The individual phases are 
switched on and off alternately, resulting in strong 
switching edges. An average filter for the motor current 
would smooth out the graph, but also delay it. For a higher 
temporal resolution, the commutation intervals are clearly 
visible.  

 

 
Figure 11.  Phase Currents of three Motor Phases. 

 
 
To examine the switching behavior of the power 

electronics, the temporal resolution would have to be 
increased. The direction-dependent phase sequence is 
already well represented here.  
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IV. CONCLUSION 
 
Various sensors for monitoring and controlling an 

electro-magnetical actuator were presented, and special 
attention was paid to VIA.  

For a conventional actuator with rigid load coupling, the 
drive torque of the actuator can be derived from the motor 
current. For compliant actuators, the mechanical dynamics 
must also be considered when determining the interaction 
moments.  

On the one hand, the torque can be measured by the 
deformation of the compliance, which is possible either with 
a strain gauges or by using at least two angle sensors. Both 
ways cause additional instrumentation effort.  

On the other hand, an actuator is usually a very precisely 
identified system, which makes model-based approaches 
suitable. In our case, we decided on a UKF to take into 
account the Coloumb friction and compliance. In this case, 
the integrated sensors of the actuator (current, angle sensor) 
were used to estimate the interaction torque. However, the 
real-time capability of this method is questionable, since the 
dSPACE DS1103 system is already noticeably stressed with 
one actuator. Both methods can be used well in terms of 
signal quality.  

The tested three-phase current sensor provides a 
comparable high quality measurement result as the 
integrated current sensor. A system can be easily upgraded, 
the switching dynamics of the power electronics affect the 
signal form of the current measurement. For this signal 
component, a mean value filtering seems promising, but due 
to it the measuring system is delayed.  

In summary, all sensors and estimation modules were 
successfully tested. Depending on the actuator topology, 
different measuring methods are recommended. Integrated 
load sensors seem to be best suited for our actuator with 
variable compliance for rehabilitation-robot applications. 
Looking ahead, the sensors will be used in direct actuator 
interaction with humans in an exoskeleton or active orthosis. 

For other actuator topologies, the torque estimator 
(UKF) should be checked to see whether less computation-
intensive procedures are appropriate.  
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