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Abstract. The present work proposes a non-contact hybrid exciter especially useful for harmonic excitation of lightly damped
structures/rotors. In the proposed exciter an electromagnet is placed on a piezoelectric stack and the extension of the piezoelectric
stack is made almost equal to the displacement of the structure using a simple tracking control. This largely eliminates
stiffness coupling between the structure/rotor and the exciter and non-linearity in the excitation force due to the vibration of the
structure/rotor. The stiffness and inertia of the piezoelectric stack is considered in the analysis. A SIMULINK model of the
combined structure and the exciter is developed for a full time-domain simulation of the excitation system.
Keywords: Piezoelectric stack, magnetic actuator, vibration exciter, non-contact excitation
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1. Introduction
Magnetic excitation of structure/rotor is attractive as excitation is possible without any physical contact [1,2]. For
a rotor, it is very difficult to use conventional electrodynamic and modal excitation systems.
Sodano [3] has used eddy currents in a conducting plate for non-contact excitation of a beam. A permanent
magnet is attached to a standard electrodynamic exciter. The gap between the magnet and the structure changes as
the electrodynamic exciter vibrates. The changing magnetic field produces eddy current in a conducting plate. Due
to the interaction between the magnetic fields produced by the permanent magnet and the eddy currents, the structure
starts vibrating. However, since the forces due to eddy currents are generally small the application of such exciters
is only limited to light structures.
In conventional magnetic actuator configuration used in active magnetic bearings (AMB), generally two counteracting electromagnets are used to apply force in a direction. Though this configuration largely reduces the inherent
non-linearity of such actuators, it is difficult to place counter-acting pairs of magnets around a structure/rotor already
in operation due to construction problems. Although the conventional magnetic actuator configuration can be used
for the purpose of non-contact vibration excitation yet for a structure/rotor already in operation, it is much more
convenient if the exciter is located at one side only. Such a one-sided magnetic exciter for vibration excitation
of structures and rotors has already been developed and reported [4,5]. Unfortunately a one-sided exciter is nonlinear and even for small displacement of the structure/rotor there is stiffness coupling between the actuator and
structure/rotor. A part of the stiffness coupling that varies periodically with time may also be a source of instability.
The present work analyses a hybrid magnetic exciter, which is one-sided, linear and free from mass and stiffness
coupling and intended for harmonic excitation of a structure/rotor. It is called a hybrid actuator since it combines a
piezoelectric stack actuator and a magnetic actuator. For simplicity in analysis, a single degree of freedom model
(SDOF) of a structure is considered for analysis in this paper. If the gap between the vibrating structure/rotor and
the exciter can be kept approximately constant, the non-linearity in force due to motion of the structure/rotor is
removed. For this, the electromagnet of the exciter needs to be placed on a moving base. Since commercially
available piezoelectric stacks are known for their fine positioning capabilities, they are an obvious choice for this
purpose. The displacement of the piezoelectric stack can be made almost equal to that of the vibrating structure/rotor
using a simple proportional-integral-derivative (PID) control technique.
Since the non-linear effects manifest more in lightly damped structures/rotors, the proposed exciter can be
successfully used for such cases. These hybrid exciters can apply forces from a very small value to a moderately high
one and work within a frequency of several hundred Hertz. The proposed controller can nicely handle moderate
inertia effect of the piezoelectric stack. For very large excitation force and substantial inertia effect, proper tracking
control of the hysteretic system may demand for a more sophisticated control strategy.

2. Analysis
2.1. A magnetic actuator with a harmonic current
It is well known [1,2,6] that the force exerted on a structure/rotor by a one-sided actuator is directly proportional
to the square of the current in the electromagnet and inversely to the square of gap between the actuator and the
structure/rotor. If the force exerted on the structure is denoted by F (Fig. 1), then
F = k

i2
(x0 − x)2

(1)

Where k  is a constant depending on the geometry, number of turns etc. of the electromagnet, x 0 is the initial gap
between the structure/rotor and the magnet and x denotes the displacement of the vibrating structure/rotor. The
displacement x of the structure/rotor is measured from the initial configuration.
When a sinusoidal current i = I sin ωt passes through the coil of the electromagnet then the above force in Eq. (1)
becomes

A. Nandi and S. Neogy / Performance analysis of a hybrid one-sided magnetic exciter mounted on a piezoelectric stack

207

Fig. 1. A non-linear one-sided magnetic actuator.

Fig. 2. A one-sided magnetic actuator on a piezoelectric stack.

F = k

I 2 (1 − cos 2ωt)

(2)

2

2 (x0 − x)

Therefore, for a one-sided magnetic exciter with harmonic current, the origin of the non-linearity is in the denominator
of the expression in the right hand side of Eq. (2).
If the one-sided magnetic exciter is placed on a piezoelectric stack and the increase in length of the piezoelectric
stack is denoted by ∆x s then from Fig. 2.
F = k

I 2 (1 − cos 2ωt)
2 (x0 − x − ∆xs )

2

(3)
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A displacement sensor picks up the displacement of the structure/rotor at the location of the exciter. Then an
appropriate control technique makes the motion of the stack ∆x s approximately equal (with opposite sign) to that
of the structure/rotor, i.e., x ≈ −∆x s . The force now becomes
F ≈ k

I 2 (1 − cos 2ωt)
2x20

(4)

Thus the denominator is no longer a function of the displacement of the structure/rotor. The force exerted on the
structure/rotor does not any more depend on the motion of the structure. However, the frequency of the harmonic
part of the force becomes twice of that of the excitation current.
2.2. Modeling of a piezoelectric stack as a linear one-dimensional element
Piezoelectric materials are used to convert electrical energy to mechanical energy and vice versa. The precise
motion that results when an electric potential is applied to a piezoelectric material is of great practical interest in fine
positioning (also called nano-positioning) applications [7,8]. Piezoelectric materials are commercially available in
different shapes and sizes. Stack is one of the most common shapes, which can undergo a free axial travel up to
200 µm.
Let xe (ξ) be the displacement along the length of the piezoelectric stack. The symbol ξ is used to represent length
along the stack. The bottom end of the stack is fixed and let the displacement at the other end be x s . Therefore,
xs (t)
ξ
ls
When the stack is at rest the total length of the stack is denoted by l s .
The potential energy expression for the stack [9] is
xe (ξ, t) =

l
U=
ξ=0

(5)

1
εσAdξ − F̄ xs
2

(6)

The force on the stack at its free end is denoted by F̄ . The symbols σ and A stand for the stress in the stack
and cross-sectional area
of the stack respectively. The strain in the stack corresponding to the displacement x e is
∂xe
represented by ε = ∂ξ .
For an applied voltage across the stack, the constitutive relation for the stack [10] is
σ
V
= ε − d33
E
l̄

(7)

Where the length of a single layer in the stack is l̄ = lns , the voltage applied to the actuator is V and the number of
layers in the stack is n.
e
Using Eq. (7) and the relation ε = ∂x
∂ξ , the expression (6) becomes
ls
U=
ξ=0

1
εσAdξ =
2

ls
ξ=0

xs
AE
ls



xs
V
− d33
ls
l̄


dξ − F̄ xs = xs

AE
AE
xs − xs
d33 nV − F̄ xs
ls
ls

(8)

The kinetic co-energy of the actuator is
ls
T =
ξ=0

1
1 ρAls
1 ms
2
ρ (ẋe ) Adξ = ẋs
ẋs = ẋs
ẋs
2
2
3
2
3

(9)

The density of the actuator material is ρ and the total mass of the stack is m s .
From Eqs (8) and (9), using Hamilton’s principle one derives the following equation of motion for the actuator:


∂ ∂(T − U )
∂ (T − U )
=0
(10a)
−
∂t
∂ ẋs
∂xs
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Or,
ms
AE
AE
ẍs +
xs =
αV + F̄
3
ls
ls

(10b)

Where, the symbol α = nd 33 denotes free extension of the stack per unit voltage. Stack actuator extends under a
given applied voltage. However, if it is operated around a constant positive voltage V 0 within its range of operation, it
can both extend and contract around that constant position. Any contraction now is actually a contraction superposed
on an extension, so that the net change in length is an extension
ms
AE
AE
AE
ẍs +
xs =
αV0 +
α∆V + F̄
3
ls
ls
ls

(11)

The total voltage V = V0 + ∆V .
If the above constant position is denoted by the symbol x s0 , then
xs = xs0 + ∆xs

(12)

As, xs0 = αV0 , using relation Eq. (12) in Eq. (11) one gets
ms
AE
AE
∆ẍs +
∆xs =
α∆V + F̄
3
ls
ls

(13)

2.3. Modeling of a hybrid exciter
A one-sided magnetic actuator on a piezoelectric stack is shown in Fig. 2. In the present analysis a simple single
degree of freedom model of a structure is considered. The force exerted by the magnet on the mass of the spring-mass
system is given by
F = k

i2

(14)

2

(x0 − x − ∆xs )

The equation of motion for the SDOF spring-mass system is now presented below
mẍ + cẋ + kx = k 

i2

2

(x0 − x − ∆xs )

(15)

As shown in Fig. 3, the electromagnet pulls the structure/rotor with a force F . On the other hand the stack pulls
the electromagnet with a force is F̄ . The inertia force accounts for the difference in the values of these two forces.
However, damping has been neglected in this model.
F̄ = F − mM ∆ẍs
Where the mass of the magnet and its holder is denoted by m M .
Using relation (16) and (14) in Eq. (13) one gets

i2
ms 
AE
AE
mM +
∆ẍs +
∆xs =
α∆V + k 
3
ls
ls
(x0 − x − ∆xs )2

(16)

(17)

Equation (15) represents the SDOF spring-mass system with magnetic force while Eq. (17) is used to model the
magnetic actuator on the piezoelectric stack.
For a specified harmonic current i = I sin ωt in the coil of the electromagnet, the magnetic actuator on a
piezoelectric stack works as an exciter. As mentioned earlier, in the present work, the displacement of the piezoelectric
stack is made almost equal to that of the vibrating mass, i.e., x = −∆x s . This makes the force on the vibrating mass
in the right hand side of Eq. (15) only dependent on the current. This means the denominator (x 0 − x − ∆xs )2 of
2
the force F becomes almost constant, i.e., (x 0 − x − ∆xs ) ≈ x20 . Under this condition the above exciter is termed
as a hybrid one.
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Fig. 3. Forces in the hybrid actuator.

Fig. 4. A controlled piezoelectric stack for positioning.

2.4. Tracking control in a hybrid exciter
Equating the vibration of the piezoelectric stack to that of the structure/rotor is a problem of tracking control. The
proposed hybrid exciter is to be operated within a frequency of 100 Hz. The piezoelectric stacks generally have
natural frequencies of the order of several thousand Hertz. Therefore, for the present case the dynamics of the
stack is less important. For this project, the maximum force of the hybrid actuator is limited to 50 N. The combined
effect of this force and the weight of the electromagnet with all its fixtures do not have an appreciable effect on the
displacement of the stack. Under these conditions the control strategy becomes simple. The control system has
to appropriately take care of the hysteresis of the stack. A simple proportional-derivative-integral (PID) control is
found to be sufficient for this purpose. A block diagram of the hybrid exciter along with its control system is shown
in Fig. 4. Figure 5 shows the working principle of the same.
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Fig. 5. Schematic diagram showing working principle of the proposed hybrid actuator.

2.5. SIMULINK model
The SIMULINK model for a SDOF system with a magnetic actuator on a controlled piezoelectric stack is shown
in Fig. 6a and 6b. The subsystem block ‘piezo stack with PID controller’ shown in Fig. 6a is further expanded in
Fig. 6b. In the block ‘exciter pos 02’ state space representation of a SDOF model of a beam is considered. The
shaded blocks are used to generate the force on the structure from the magnetic exciter
F = k

i2
(x0 − x − ∆xs )2

(18)

A signal generator, a current converter and a displacement sensor are required for this purpose. A perfect displacement
sensor is considered in the SIMULINK model. A filtered value of the displacement of the structure is sent to
the controller of the piezoelectric stack. The high pass filter is used mainly to suppress the static (dc) part of the
displacement. If the piezoelectric stack is made to extend by this static displacement of the structure, then the
dynamic part of the displacement may go beyond the range of its extension. A 3 rd order analog filter designed based
on the Butterworth method is considered for this purpose. A ‘gain’ block with a gain of −1 is used after the filter
because, as shown in Fig. 2, the coordinates x and ∆x s are opposite in directions. The piezoelectric stack with its
controller is shown in Figure 6a as a subsystem. This subsystem (Fig. 6b) accepts filtered displacement data from the
displacement sensor. The controller uses this as a reference and makes the piezoelectric stack to follow it. However,
the piezoelectric stack with the electromagnet at its free end is approximated as a SDOF system vibrating around its
mean position. The following state space representation for the piezoelectric stack is considered here.




  
2
k
i2
∆ẍs
∆ẋs
0 ωns
1
2
α∆V +
(19)
=−
+
ωns
m
s
∆xs
−1 0
∆xs
0
mM + 3 (x0 − x − ∆xs )2
Where
ω 2ns =

AE
ls

mM +

ms
3

The symbol ω ns stands for short-circuited natural frequency of the stack with electromagnet placed on it.
Equation (19) is actually a state space representation of Eq. (17). It has been found that for exciters with small to
moderate force ratings, the second term in the right-hand side of the equation has negligible effect in the intended
frequency range.
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(a)

(b)
Fig. 6. (a) SIMULINK model for a single degree of freedom system with the proposed hybrid actuator. (b) The details of the subsystem with the
piezoelectric stack and the associated PID control system

The voltage-displacement hysteresis loop is implemented using look-up tables. The displacement versus voltage
graph follows two different paths for increasing and decreasing voltages. Though a better model for this hysteresis
loop based on the Preisach [11] or the neural network model could have been considered, the simple model used here
seems to be sufficient for checking the performance of the controller. If one assumes that the voltage-displacement
relation is linear, then the proportional-integral-derivative controller compensates the error due to hysteresis. A
voltage limiter is used to protect the piezoelectric stack from voltages beyond its range.

3. Numerical simulations
As discussed in the previous section the proposed exciter is used to excite a beam. One end of the beam is fixed
and the exciter is placed close to the other one. For the numerical simulation the beam is modeled as a SDOF system
and the following data are considered:
N
The stiffness, mass and damping for the SDOF model of the beam are k = 110 mm
, m = 2 kg and ξ = 0.1%.
N.mm2

For the magnetic actuator the constant k = 0.628 Ampere2 , the mass of the electromagnet with its holder = m M =
2 kg.
For the piezoelectric stack the following properties are considered:
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Fig. 7. (a) The spectrum of force for a one-sided magnetic exciter at an excitation frequency of 2ω = 234 rad/s. (b) The spectrum of force for
the proposed hybrid exciter at an excitation frequency of 2ω = 234 rad/s.
3
Open loop stiffness of the piezoelectric stack = k s = AE
la = 150 × 10 N/mm.
Mass of piezoelectric stack alone = m s = 1.8 kg.
1
Extension of the stack per unit voltage = α = 5000
mm/V.
Operating voltage for the stack = 0–1000 V.
Maximum closed loop travel of the stack = 0.2 mm.
The piezoelectric stack operates around a mean voltage of 500 V and it can travel a maximum displacement of
0.1 mm in either direction. Therefore, the amplitude of dynamic displacement of the structure should not exceed
0.1 mm. With the electromagnet and its holder the piezoelectric stack has its short-circuited natural frequency at
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Fig. 8. The displacements of the beam (dc part filtered) and the piezoelectric stack.
1
2π



1
= 1209 Hz. The intended range of operation of the exciter is within 100 Hz, which is less than 10
th
of the open-loop natural frequency of the stack. Therefore, dynamic effect of the stack within this operating range is
of less importance. For an excitation frequency of ω = 117 rad/s, the spectrum of the exciter force using an exciter
without and with the piezoelectric base is presented in Fig. 7a and Fig. 7b respectively. The presence of the second
harmonic (approximately 25 dB less than the first one) in the spectrum in Fig. 7a shows the non-linearity of the
one-sided exciter without the piezoelectric base. The force response of the hybrid exciter shows no second harmonic
(in 50 dB range) in Fig. 7b. Figure 8 shows the displacement x of the beam (dc part filtered out) and that of the stack
∆xs . The difference x 0 − x − ∆xs is small and is almost equal to the initial gap x 0 . The small difference in absolute
values of the displacements x and ∆x s is due to the limitation of the proportional-integral-derivative controller in
completely eliminating the error arising out of the hysteresis loop in the displacement-voltage characteristics of the
piezoelectric stack.
ks
mM + m3s

4. Conclusion
A simple model of a hybrid one-sided magnetic exciter is performed and its advantage is demonstrated using a
numerical simulation. Due to its increased linearity, this hybrid exciter appears to be suitable for vibration excitation
of non-linear structures/rotors. As an essential future work the proposed exciters are to be developed for thorough
experimental investigations.
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