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Abstract. This paper describes a novel, innovative magnetic spring having the stiffness depending on
the current in the coil(s), designed to be used in applications where an adjustable/controllable stiffness
is needed, for example in variable stiffness actuators (VSASs) or in controllable vibration dampers.
The device has in principal two magnets in repulsive disposition, one or two coils and a particular
magnetic structure. The results from simulation and optimization of a reference model of controllable
stiffness magnetic spring (CSMS) with one coil led to the design and construction of a prototype of
CSMS with two coils which were studied experimentally. The comparative analysis of the device
operation, with control current only in the main coil and then in both inserted coils, led to the
conclusion that the secondary coil contributes to an important increase of the CSMS performance.
Thus, for example, for a control current varying between —2A and +2A, the range of variation of the
elastic forces, the maximum range of variation of the stiffness, and the level of control for the
stiffness, can be doubled. The main advantage of the proposed CSMS is the ability to vary in the
simplest and most direct way the stiffness and force of the magnetic spring, which ensures speed and
dynamics in controlling the operation of CSMS-based systems.
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1. INTRODUCTION

Magnetic springs began to develop after the appearance of high performance magnets based on Nd-Fe-
B alloys. While the conventional mechanic springs impose some limitations on the system regarding mainly
compactness, friction, material fatigue and failure, magnetic springs show potential to overcome these issues
especially for short strokes and frequent operation. Thus, research in recent years shows that magnetic springs
based on repulsive or attractive permanent magnets can be an alternative to mechanical springs in many
technical applications e.g. semi-active vibration isolations and suspensions [1, 2], energy harvesters from
vibration [3, 4], oscillatory drives [5, 6, 7], vibration generators or shakers [8, 9]. The main arrangements of
magnetic springs encountered in the mentioned applications are: simple spring with two repulsive magnets,
differential spring with three repulsive magnets, and repelling-attraction combination spring.

Many current modern devices and systems require the use of adjustable and controllable elastic
elements, such as: variable stiffness actuators (VSASs), active vibration dampers, vibro-insulating platforms
and robots. For example, VSAs are devices for gripping manipulated objects or for joints in compliant and
dexterous robots. A variable stiffness actuator, in contrast to a stiff actuator, allows deviations from its own
equilibrium position, depending on an external force [10]. In principal, VSAs have an adaptable compliance
mechanism in addition to elastic elements storing energy and altering the stiffness. Two motors are required:
one to control the equilibrium position and the second to control stiffness [11]. The elasticity of VSAS is
given by the elasticity of the springs used.

At the same time, controlled stiffness magnetic springs could present a challenge for the improvement
and modernization of VSAs, by replacing the mechanical elastic systems with the electromagnetic ones
based on magnetic springs, simpler and easier to control, especially useful in highly dynamic applications.

Very few papers found in technical literature have so far dealt with magnetic springs with controllable
stiffness. We found only three papers that address the variable stiffness actuation with magnetic springs. A
variable stiffness gripper with antagonistic magnetic springs is described in [12]. The robot gripper consists
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of two parallel fingers where repulsive magnets are used as nonlinear springs between gripper actuators and
fingers. Position and rigidity of the fingers are simultaneously controlled by adjusting the air-gap between
magnets. The application of the proposed gripper is discussed for dynamic manipulation, where the variable
stiffness is exploited to improve the performance of a hammering task. In [13] a MAVERIC device is
reported, containing a variable stiffness coupler that can be used as a clutch, with a variable stiffness
magnetic torsion spring, which may be used as an elastic element for the VSAs. The device contains two co-
axial diametrically magnetized hollow cylinders and has two degrees of freedom: a rotation of the two
cylinders around the common axis and a relative translation along the same axis. The stiffness of the
equivalent torsion spring can be varied continuously from a maximum value down to zero by changing the
axial overlap of the two cylinders.

In both cases presented above, the change in stiffness is done with external mechanical actions
(servomotors) on the magnetic spring which determine either the change of the compression of the magnetic
springs, or the change of the axial position of two magnetized cylinders.

A controlled magnetic spring which can be applied in a vibration reduction system of the machine
operator seat is described in [14]. The magnetic spring consists of two stationary magnets and two mobile
magnets. The magnetic circuit has a magnetic core that is configured with four magnetic poles on which four
coils are fixed, an upper magnetic core and a lower magnetic core. The force depends on the current sign and
amplitude and on the number of active coils. The switching of the current in the four coils allows a force
variation between 444 and 733 N. It should be mentioned that the magnetic spring control is done
discontinuously and the variation of magnetic spring stiffness is between relatively low limits, as can be
deduced from the analysis of the force vs. displacement curves.

In this paper an original controllable magnetic spring is developed, where the force and stiffness of the
magnetic spring can be varied easily, continuously and rapidly with a command current.

2. SIMULATION STUDY OF A CONTROLLABLE STIFFNESS MAGNETIC SPRING

Figure 1 illustrates the concept of Controllable Stiffness Magnetic Spring (CSMS), where the stiffness
of the magnetic spring can be modified by a control current. The two magnets are associated with a coil and
a magnetic structure consisting of housing, carcass, three pole pieces and a ring [15]. The magnetic structure
ensures the direction of the magnetic flux produced by the coil fed with current in the air gap between the
two magnets. The magnetic flux of the coil is superimposed over the magnetic flux of the two magnets and,
depending on the direction of the current in the coil, a higher or lower total magnetic flux is obtained than in
the absence of electric current. The result is an increase or decrease of the magnetic spring force,
respectively, accompanied by a change in its stiffness, as will be shown below. The + and — signs in the
figure signify the direction of the current through the coil, +I and —I, respectively, for an | current, that
determines the increase or decrease of the total magnetic flux of the electromagnetic assembly, i.e. the
increase or decrease of the magnetic spring force.
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Fig. 1 — Conceptual model of CSMS used in simulation study.
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The model used in simulation has the dimensions outlined in Table 1. The magnets have the diameter
and height of 15mm and 8mm, respectively. The inner diameter and height of the coil are 18 mm and 22 mm,
respectively. The coil has N = 450 copper wires, 0.55 mm in diameter.

Due to the model symmetry, a 2D simulation was performed for magnetic field analysis and force
calculation, using the AC/DC module in the COMSOL 5.3 software.

Table 1
Dimensional values (in mm) for magnetic components in Fig. 1
Carcass | Carcass Carcass | Housing | Housing | Housing Pole Pole Pole Ring Ring
outer inner height outer inner height | piece 1, | piece 2, | piece 3, inner height
diameter | diameter diameter | diameter height | height | height | diameter
dca.o dca.i hca dho dhi hh hppl hppz hpp3 dri hr
24+40 20+36 24 40 36 26 8.5 2 2 24 2

The magnetic spring characteristics F(z) offer the possibility to define some functional parameters of
CSMSs that may be necessary for VSA applications. One such parameter is the stiffness coefficient at an

operating point, (z;,F(z;,1)), given by the expression,

(2, F ()= D ®

=1
This parameter can be modified within a wide range by varying the current in the two limits, -1 and +I.
A qualitative parameter, Level of Stiffness Control, L. (non-dimensional), is defined with relation (2)
as the ratio between the difference of maximum stiffness in two active points of operation located on the

curves of maximum positive and maximum negative current, and the stiffness in a point on the passive curve
(1=0), at equilibrium:

Lcs _ ko 1m+ _k2m—) . (2)

In (2) ko, kim+ and kom- represent the stiffness coefficient of the spring in a passive position of the spring
(zo,Fo(zo,O)), in an active position of the spring at positive current (z,,F,(z,,+1)) and in another active
position of the spring at negative current, (z,,F,(z,,—1)), respectively. Relation (2) can be detailed as in
relation (3):

Kim (20, Fi (20, 4+1)) =Ko (22, Fo (25, -1)) _ dFl(Z""I)/dZL:z1 _d':Z(Z’_I)/dZ|z=z2

L (29,25,2,,1)= ko (Z5,0) B dFO(z,O)/dz|Z=Zo -9

Changing the stiffness variation of the magnetic spring and the compliant actuator can be separated
into two basic interactions with the environment. One is changing stiffness at constant position and the
second is changing stiffness at constant load/force [16]. For example, when a robot is changing stiffness at
constant position, usually the robot is at a certain position or on a given track and the intention is that the
stiffness should be modified without affecting the output position. Rewriting relation (3) for this case, using
the same value of the current I in the coil in both directions, leads to the expressions for the level of stiffness
control L , ata constant position z,= const.:

Kims (201 Fi(Zos+1)) ~Kom_ (20, Fy (2, —1)) _ dR(z.+1)/dz|,_ —dFy(z,-1)/dz|,_,
ko (2o, Fy (2,0)) - dFO(zo,Fo(zO,O))/dzL:zo

Lesp(20:1) = (4)

From the analysis of the curves in Fig. 2, for the model without carcass, and the data in Table 2, it
results that the magnetic spring force, the stiffness coefficient, the maximum range for k and the control level
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increase with the increase of the ring width (decrease of the inner diameter, up to the value d,; =22 mm),

which represents the further adopted value, due to the best output parameters and the shape of the plots. In
Table 3, Ak, =k, —k,_, represents the maximum variation of the stiffness coefficient at z=6 mm, as the

difference between the maximum stiffness constant, k ., corresponding to the maximum current value I. and

+ K s
the minimum stiffness constant, k,, , corresponding to the maximum current value | .

As may be seen from the analysis of the plots in Fig. 3 and the values of the parameters in Table 3, the
presence of the upper magnetic housing leads to an important increase of the stiffness constant k, keeping
approximately the value of its maximum range of variation, Ak, and also to a relatively small decrease of

L In these conditions, we will choose the upper magnetic housing with the outer diameter equal to

cs.p "
40 mm, the same as that of the bottom housing, having the advantage of constructive simplicity and a single
cylindrical housing for the entire device. In addition, as will be seen in chapter 4, this creates the space for
using a second coil in the upper part, to increase the CSMS performance.

25
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Fig. 2 — Magnetic spring plots for the model in Fig. 1, without carcass, for different values of the inner ring diameter:
a) d,; =32 mm and 28 mm; b) d ; = 22 mm, adopted value.

Table 2 Table 3
Parameters depending on d;, for z=6 mm:

k (N/mm), L (%) and Ak, (N/mm),

for CSMS model without magnetic carcass

Parameter dependence on d, , , for z=6 mm:
k, Lesp and Akp,

d,; (mm) 322 [ 28 24 | 22 deao (Mm) 40 | 36 | 32 | 28
1=0 146 | 1.58 | 1.86 | 2.11 1=0 2.21 | 2.27 | 2.48 | 2.46

k (N/mm) I =+2A 1.86 | 2.03 | 2.44 | 2.77 k (N/mm) I =+2A 288 | 294 | 312 | 3.1
I=—2A 1.05 | 111 | 1.29 | 1.44 I=—2A 153|161 | 1.82 | 1.83
Les.p (%) 55.5 | 58.2 | 61.8 | 63.0 Les.p (%) 61.1 | 0.59 | 0.52 | 0.52
Akpy (N/mm) =K, =K, 081 | 1.08 | 1.15 | 1.33 AKp (Nfmm) =Kp, =K, 135 [ 133 | 1.3 | 1.27

An improvement in the shape of the curves in Fig. 3, in order to eliminate the decrease of forces at
z <2 mm is possible by reducing the thickness of polar piece 2. Figure 4 and Table 4 illustrate the curves for
the optimized CSMS and its parameter values, respectively, using polar piece 2 with the height reduced to
hpp2 =1.5 mm. The improved shape of the curves allows the increase of the operating interval, Az, with an

acceptable nonlinearity, an important increase of L but also reductions of the parameters k and Ak, .

cs.p !
These parameter reductions represent the price paid for the compromise made regarding the increase of the
control performance of the studied device.
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Fig. 3 — Magnetic spring characteristics for the CSMS model Fig. 4 — Force vs. compression curves for optimized CSMS
with carcass in Fig. 1, having the outer diameter having: polar piece 2 with height, h,,,, = 1.5 mm, outer carcass

dga0 =40 mm and 28 mm, and inner ring diameter d; =22 mm. . . ] .
' diameter d, , =40 mm and inner ring diameter d ;=22 mm.

Table 4
Parameters of optimized CSMS for z=6 mm

I (A) 2] 02
k (N/mm) 1.23 | 1.85 | 25
Les.p (%) 68,6

AKy (N'mm) =K, =K 1.27

3. VARIABLE STIFFNESS ACTUATORS WITH CSMS

A broad classification of the VSAs has been presented in [11] where the four main classes have been
defined regarding the method of stiffness control: equilibrium controlled, antagonistic controlled, structure
controlled and mechanically controlled. The antagonistic controlled stiffness method requires two actuators
with nonlinear force-displacement characteristic, which are coupled antagonistically to act against each
other. Using both devices simultaneously, the equilibrium position and stiffness can be controlled. In this
context, we can find several uses of CSMSs in VSAs, of which we mention two:

— a positioning motor and a CSMS (Fig. 5a);

— two antagonistic motors and two antagonistic CSMSs (Fig. 5b).

Link
CsMs
" CSMS 1 CsSMs 2
Positioning
Base motor M1 M2
(@) (b)

Fig. 5 — Two VSA principles using CSMSs: a) independent motor setup with one CSMS; b) two antagonistic motors with two
antagonistic CSMs.



240 Radu OLARU, Camelia PETRESCU, Alexandru ARCIRE 6

30 T
[ — =
F(N) — 2
20— —1=0
— I=1A
Joint shaft 1 1=2A
0 |
Fack rad
-1
—
2 -
h1 CSMS1 CoMs2 W2 - —
-« M
_:%9.9 -6 -4 -2 0 2 4 6 79

z (mm)
Fig. 7 — Force vs. compression curves for two antagonistic
CSMSs with spring preload at 8 mm.

Fig. 6 — Two antagonistic motors with two antagonistic
CSMSs arranged in line.

Figure 5 shows two variants of series elastic actuator (SEA), where a spring is in series with a stiff
actuator. The compliance in SEA is determined by the spring constant and is therefore not adjustable during
operation. Using a spring with variable stiffness, such as the CSMS in Figure 5a, allows a mode of operation
with variable compliance used to reduce load shocks, for example. The variant with the antagonistic scheme
from Figure 5b allows a much more compliant operation. If the application allows, a simpler constructive
variant than the one in Figure 5b is the use of two antagonistic motors and two antagonistic CSMSs arranged
in line, Figure 6. To change the equilibrium position both motors have to work in the same direction. To
change the stiffness both motors have to move in opposite direction to preload the two springs, as is the case
in VSAs with mechanical springs. In addition, using CSMSs achieves a wide range of stiffness variation
during operation by modifying the control current. At the same time, only a fixed spring preload of the
CSMS by the motors and the variation of the stiffness during VSA operation by the two CSMSs can be used.

Figure 7 shows the force vs. compression curves for two antagonistic CSMSs with spring preload at
8 mm, for which the best k values were obtained, Ak , L., and a (Table 5). The coefficient o = Ak/Al

m —cs.p
(N/mmA) represents the rate of increase of the CSMS stiffness with the control current, which is determined
for the portions of curves with linear variation near the origin of the axes.

Table 5
Parameters k, Ak, , Les.p and o for two antagonistic CSMSs with spring preload at z, = 8 mm

I (A) -2 -1 0 1 2
K (N/mm) 4.43 5.05 5.67 6.3 6.92
Aky, (N/mm) = ki, —Kp,_ 2.49
Les.p (%) 43.9
a (N/mmA) = Ak/Al 0.622

4. EXPERIMENTAL RESULTS

A CSMS prototype was designed and realized practically (Fig. 8), based on the results obtained using
numerical simulation, Chapter 3, for the single-coil CSMS model. The device has mainly undergone three
changes compared to the studied theoretical and optimized model, which do not produce negative effects, but
contribute to a significant increase in the main parameters of the device, such as force, stiffness and level of
stiffness control. The three changes consist of using a single, common housing, adding a coil identical to the
first one around the mobile magnetic assembly and increasing the winding window to accommodate a
number of 600 turns instead of 450, as used in the theoretical study. The two caps each have a thickness of
8 mm, so the dimensions of the prototype are: the diameter of 48 mm and the height of 67 mm (without
shaft). The two coils are connected in phase opposition.

The experimental results for plotting the variation curves of the CSMS forces as a function of the z
position were obtained using a mechanical measuring assembly illustrated in Fig. 9.
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Figure 10 illustrates the z-position force variation curves, obtained by simulation and experiment, of
the CSMS prototype that uses a single coil. Figure 11 shows the same types of curves but in the case when
the CSMS device uses two coils. It is found that while the shape of the experimental curves is very close to
that of the curves obtained by simulation, there are deviations of the experimental results from the simulated
ones, higher at low values of z and in the case of the command with current 1. = 2A. We appreciate that these
deviations are due to the significant increase of the magnetic flux density B in certain local areas of the
ferromagnetic parts of the magnetic circuit, reaching values close to the saturation induction of the magnetic
material, which leads to a significant decrease of zonal magnetic permeability and, consequently, to a
redistribution of the magnetic flux obtained by simulation and finally, to a decrease of the real magnetic
forces compared to those calculated numerically.

Table 6 contains the parameters determined experimentally forming the basis for the comparative
evaluation of the two variants of CSMS operation.

As it results from the comparative analysis of the curves in Figs. 10 and 11 and of the data from Table
6, the addition of a supplementary coil contributes to the increase of the variation range of the elastic forces
and of the CSMS operation parameters. Thus, if for the current variation from —2A to + 2A in the main coil
of the CSMS, we have the variation of the elastic forces between 5 Natz=10 mm and 15 N at z=4 mm, in
case of using both coils, the variation of the elastic forces is between 10.5 N and 25 N for the same values
z =10 mm and 4 mm, respectively. This means an increase in the range of variation of elastic forces by 67%
at z = 4 mm to over 100%, practically doubling the range of variation of forces for z exceeding 10 mm.

The maximum stiffness variation, Ak, and the level of stiffness control, L ,, increase by the same

percentage values when using both coils, respectively by approximately 24% and 127%, for z = 6 and 8 mm,
respectively.
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Fig. 8 — Design of CSMS prototype with two coils. Fig. 9 — Experimental setup.
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Table 6
Experimental parameters: k, A k,,, and Les.p atz=6and 8 mm for CSMS prototype using one or two coils

A single coil Two coils
| (A) -2 0 2 2 0 2

7=6mm 0.86 1.95 271 0.92 1.95 3.22

k (N/mm) z=8mm 1.95 271 3.54 1.39 271 5.01
_ Zz=6 mm 1.85 2.33
Ak (NIMM) = ke, ki z=8mm 1.59 3.62
L (%) Z=6 mm 94.9 117.9
es-p z=8mm 58.7 133.6

5. CONCLUSIONS

An original controllable magnetic spring useful in designing devices and systems with adjustable
compliance was developed and studied theoretically and experimentally. The basic magnetic configuration,
the effect of magnetic components and the concept of CSMS were explained and justified using the magnetic
spring curves obtained by simulation. In order to assess the performance of a CSMS model, the constant
stiffness, k, and several other specific parameters were considered, such as the maximum variation of the
stiffness coefficient, Ak, and the level of stiffness control, L, the last one being defined in this paper.

cS.p !

A direct search deterministic optimization with respect to several geometric parameters was conducted.
The simulation study led to obtaining an optimized reference model of CSMS with one coil, which offers the
possibility to design a CSMS according to the application specific requirements, easier and simpler
construction, slimmer and small size, than in the variant with two coils. Two VSA principles using CSMSs,
similar to the optimized reference model, were presented and discussed: independent motor setup and a
CSMS, with two antagonistic motors and two CSMSs. In both cases CSMS ensures adjustable compliance
during system operation. For an antagonistic variant with in-line operation of the VSA system, the values of
the four parameters taken into account, k, Ak,,, L., and a were obtained and discussed. By changing the

cS.p

spring preload produced with the help of the two servomotors of the VSA system, the range of variation of
the operating parameters can increase a lot.

A prototype CSMS with two coils was designed, built and tested experimentally. The effect of using
the second coil is analyzed by comparing three parameters obtained from the experimental curves, the
stiffness coefficient, k, the maximum variation of stiffness coefficient Ak, , and the level of stiffness control,

L. Obtained at CSMS operation with one coil and with two coils, respectively. It was found that the

addition of a supplementary coil to the main one contributes to the increase of the variation range of the
elastic forces and of the CSMS operation parameters. Thus, at the variation of the control current between
—2A and + 2A, the range of variation of the elastic forces, the maximum range of variation of the stiffness,
and the level of control for the stiffness, can be doubled.

The experimental results are in a satisfactory agreement with those obtained by numerical simulation,
thus demonstrating the functionality and utility of the proposed model of the controlled stiffness magnetic
spring.

The new model of magnetic spring with controllable stiffness has a simple construction, low cost, is
easily controllable and can have applications in the development of new and original systems of actuators
and of vibration control designed to perform actuation, handling and damping operations.
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