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Abstract. In recent years, there have been growing attention for hydraulic actuators with smart 

materials. In this paper, a new type of giant magnetostrictive pump structure was designed and 

the experimental framework of giant magnetostrictive pump-hydraulic drive system was 

proposed. The dynamic model of giant magnetostrictive pump-hydraulic drive system was 

constructed. Thus, the output speed of output cylinder in this system under different preload 

was simulated and experimental study was carried out under the same conditions. The 

experimental results verified efficiency of the dynamic model to a large extent. 

1.  Introduction 

Tefenol-D alloy which known as giant magnetostrictive material, its magnetostrictive coefficient can 

reach 1500 ~ 2000 ppm at normal temperature. This material is a kind of new functional material 

which offers large output force, high energy density, fast response speed and frequency bandwidth 

compared with piezoelectric ceramics in same length [1-3]. It widely used in many applications such 

as ultrasonic transducers, precision positioning, ultraprecision machining and fluid components [4-7]. 

Giant magnetostrictive pump（GMP） based on rare earth giant magnetostrictive material directly 

converts electrical energy into the reciprocating linear motion of the piston. Since the pump has the 

advantages of simple structure, easy miniaturization and precise control of output flow, Giant 

magnetostrictive pump becomes the focus of research [8][9]. 

Using hydraulic stroke amplification technology, Gerver developed a magnetostrictive laminated 

pump which input power is 25-30 W and the output power is 1 W [10]. Sirohi and Chopra have 

developed a compact hybrid hydraulic pump which can be driven by piezoelectric stacks, giant 

magnetostrictive rods or electrostrictive materials respectively. The pump had an output power of 2.5 

W and a maximum output force of 138 N at a peak pumping frequency of 600-700 Hz [11]. CSA 

Engineering's Ryan C.S. developed a giant magnetostrictive hydraulic pump whose output power is 

more than 100 W. With a length of 102 mm, 25.4 mm diameter Terfenol-D driving, the best operating 

frequency of the pump is 200 Hz [12]. In this paper, a new type of giant magnetostrictive pump is 

developed, which has a large output flow and pressure. The hydraulic drive system which use giant 

magnetostrictive pump as power source is constructed. By dynamic modeling, simulation, and test 

analysis of hydraulic drive system, the dynamic characteristics of giant magnetostrictive pump-

hydraulic drive system are studied. 
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2.  Giant magnetostrictive pump-hydraulic drive system 

As shown in Figure 1, Mechanical structure of the giant magnetostrictive pump has several major 

components: Terfenol-D rod, magnetizing coil, output shaft, spring, preload nut, piston assembly, reed 

valve assembly, pump body and head. When a certain current is loaded in magnetizing coil, the 

magnetic field will generate inside the coil. Terfenol-D rod generates magnetostriction under the effect 

of magnetic field and pushes the output shaft and piston assembly to produce displacement and force, 

finally achieves the conversion between electromagnetic energy and mechanical energy. 

              Oil filter

Tank

Giant magnetostrictive 
pump

Coil

Signal generator
Power amplifier

Pressure 
gauge

Flowmeter

Solenoid valve
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Piston

Relief valve
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Figure 1.  Exploded view of GMP         Figure 2.  Frame diagram of GMP-hydraulic drive system 

A spring is installed between output shaft and preload nut to form a preload mechanism. Adjusting 

upper and lower positions by rotating preload nut, the level of preload can be changed. The preload 

mechanism applies a certain preload on Terfenol-D rod, which makes Terfenol-D rod work in the 

linear range, as much as possible to increase magnetostrictive coefficient and improve electro-

mechanical conversion efficiency. At the same time, preload mechanism provides a reliable return 

force for output shaft and piston assembly to achieve a linear reciprocating motion of piston assembly, 

finally resulting in a good pump action. 

According to working characteristics of giant magnetostrictive pump, a small hydraulic drive 

system is established and the system frame is shown in Figure 2. In order to eliminate the impact of 

impurities and bubbles in oil, we set a grid-style oil filter in the tank. A pressure gauge and a flow-

meter are installed in the outlet tube of giant magnetostrictive pump to test output pressure and output 

flow of the pump. A relief valve is set in the inlet tube of the output cylinder.  When the output 

cylinder reaches the limit position and the relief valve is not open, the pressure of the system will rise 

abruptly. Then the relief valve will open automatically to prevent the system pressure increases. The 

return of output cylinder is controlled by a two-position four-way solenoid valve installed in the 

system. 

In the test, SF-2 DDS type signal generator is used to generate sinusoidal signals of different 

frequency. These signals will be amplified by AE Techron 7224 power amplifier, then loaded on giant 

magnetostrictive pump. 

3.  Giant magnetostrictive pump-hydraulic drive system dynamic model 

Since the giant magnetostrictive pump-hydraulic drive system is properly simplified, the schematic 

diagram of the system model is shown in Figure 3. The model can be analyzed from following aspects: 

pump chamber, check valve, tube and output cylinder and other aspects. 
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Figure 3.  Schematic of GMP-hydraulic drive system 

3.1.  Flow field analysis of pump chamber 

The pump chamber and output cylinder are connected by two tubes. The pressure of the two tubes is 

not identical at the same time, so we can distinguish the pressure of different positions in different 

tubes with different parameters. 

Pump chamber working state 

𝑟 = {

    1        𝑟in = 0，𝑟out = 1
    0         𝑟in = 0，𝑟𝑜ut = 0
  −1       𝑟in = 1，𝑟out = 0
  null      𝑟in = 1，𝑟out = 1

                                                   (1) 

Null is used to represent that the condition does not exist and it means that, in normal working 

condition, the two reeds of check valve do not open at the same time. 

When 𝑟 = 1，the pump is in discharge stage.The pressure changing function of pump chamber is 

�̇�ch = 𝛽
𝐴ch𝜌ch�̇�p−𝜌ch𝑄t1−out

𝜌ch𝐴ch(ℎch−𝑥p)
                                                  (2) 

Where, 𝐴ch is cross section area of pump piston, 𝑥p is displacement of pump piston, ℎch is height of 

pump chamber, 𝛽 is liquid bulk modulus of elasticity. 

When 𝑟 = 0, the pump is in compression stage or expansion stage.  

Then, the pump pressure changing function is 

�̇�ch = 𝛽
�̇�p

ℎch−𝑥p
                                                                     (3) 

When r = −1, the pump is in intake stage. 

�̇�ch = 𝛽
𝐴ch𝜌ch�̇�p+𝜌𝑄tN−in

𝜌ch𝐴ch(ℎch−𝑥p)
                                                     (4) 

Where 𝜌 is liquid density in inlet tube, 𝑄tN−in is the input flow of pump or flow of inlet tube. 

3.2.  Flow field analysis of check valve 

When 𝑟 = 1, the pump is in discharge stage.It is easily get that 

�̇�ch =
𝛽

𝜌ch𝐴ch(ℎch−𝑥p)
 (𝐴ch𝜌ch�̇�p − 𝐶

8𝜋𝜌ch(𝑃ch−𝑃t1−out)𝑟v
3𝑙v

3

𝐸𝑏vℎv
3 √

2(𝑃ch−𝑃t1−out)

𝜌ch
)           (5) 

When 𝑟 = −1, the pump is in intake stage.The pressure changing inside the pump is following as 

�̇�ch =
𝛽

𝜌ch𝐴ch(ℎch−𝑥p)
 (𝐴ch𝜌ch�̇�p + 𝐶

8𝜋𝜌(𝑃tN−in−𝑃ch)𝑟v
3𝑙v

3

𝐸𝑏vℎv
3 √

2(𝑃tN−in−𝑃ch)

𝜌
)               (6) 
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3.3.  Flow field analysis of tube 
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Figure 4.  Lumped model of fluid flow through tube       Figure 5. Flow field model of output cylinder 

As shown in Figure 4, the tube liquid pressure from pump chamber to output cylinder is noted as 

𝑃t−out , and the tube liquid pressure from output cylinder to pump chamber is noted as  𝑃t−in. In order 

to study how the relationship between pressure and flow in the tube changes dynamically, we divide 

the tube into 𝑁 parts. 

According to momentum  conservation law, the following equations is obtained 

  �̇�ti−in  =
𝑁𝐴t(𝑃ti−in−𝑃t(i+1)−in)−𝑙t𝐴t𝑅t𝜌𝑄ti−in

𝑙t𝜌
  𝑖 = 2,3, … . 𝑁 − 1                          (7) 

  �̇�ti−out  =
𝑃ti−out−𝑃t(i+1)−out−

𝑙t
𝑁

𝑅t𝜌𝑄ti−out

𝑙t
𝑁𝐴t

𝜌
 , 𝑖 = 2,3 … . 𝑁 − 1                                (8) 

According to the momentum equation, we get the following equation 

�̇�tN−out =  
(𝑃tN−out−𝑃lower)𝐴t

2

2𝜌𝑄tN−out
                                                           (9) 

�̇�t1−in =
(𝑃upper−𝑃𝑡1−𝑖𝑛)𝐴t

2

2𝜌𝑄t1−in
                                                            (10) 

3.4.  Flow field analysis of output cylinder 

As shown in Figure 5, as same as the pressure in the end of the tube respectively, the pressure on the 

upper side of piston in output cylinder is denoted as  𝑃upper and lower side of that is denoted as 

𝑃lower.  The liquid density on the upper side of piston in output cylinder is denoted as 𝜌upper, and on 

the lower side of that is denoted as 𝜌lower. The length of output cylinder is denoted as 𝑙o , the cross 

section area of output cylinder is denoted as 𝐴o. 

Assuming that initial position of the piston is in the middle of output cylinder, liquid mass above 

the piston changes like this 
𝜌0𝐴o𝑙o

2
= 𝜌upper (

𝑙o

2
− 𝑥o) 𝐴o + 𝑀o−out                                                  (11) 

Take the derivative of both sides, since �̇�o−out=𝜌upper𝑄t1−in，then 

�̇�upper =
𝜌upper�̇�o𝐴o−𝜌upper𝑄t1−in

(
𝑙o
2

−𝑥o)𝐴o

                                                              (12) 

Similarly, the density changing below the piston is 

�̇�lower =
𝜌𝑄tN−out−𝜌lower�̇�o𝐴o

(
𝑙o
2

+𝑥o)𝐴o

                                                                   (13) 

3.5.  Dynamic model of piston in output cylinder 

The dynamic equation of the piston in output cylinder is 

(𝑚 op + 𝑚 s)�̈�o + 𝑐o�̇�o + ko𝑥o = (𝑃lower − 𝑃upper)𝐴o − (𝑚 op + 𝑚 s)𝑔 − 𝐹load         (14) 

file:///D:/è£�å¥½ç��è½¯ä»¶/Dict/7.1.0.0421/resultui/dict/
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Where 𝑚 op is mass of the piston in output cylinder, 𝑚 s is mass of the output rod  in output cylinder, 

𝑐o is the damping coefficient of output  cylinder, kois the stiffness coefficient of output  cylinder, 𝑥o is 

displacement of  the piston,  𝐴o is cross section area of the piston and  𝐹load is the gravity of the load. 

4.  Simulation and experimental analysis 

Under given parameters in giant magnetostrictive pump-hydraulic drive system, with the input current 

is 4 A and the preload is 5 MPa, 10 MPa and 15 MPa respectively, the output speed of output cylinder 

is simulated. The simulation results and experimental results are given as shown in Figure 6. 
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(a) Input current 4 A and preload 5 MPa             (b) Input current 4 A and preload 10 MPa 
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(c) Input current 4 A and preload 15 MPa 

Figure 6. Comparison of experimental data and simulation results of dynamic model 

The established dynamic model contains the effect of preload on output displacement of Terfenol-

D rod, the inertia of liquid in pump chamber, the change tendency of liquid density in pump chamber, 

the change of pressure and flow rate in check valve and tube, the change tendency of liquid density in 

output cylinder, the inertia of piston movement and all of the above are related to the preload factor. 

Therefore, as shown in Figure 7, under the different preload, the change tendency of output speed in 

simulation results under the different frequency is very different. 

When the preload is 5 MPa, the dynamic model simulation results show two peaks at 15Hz and 

40Hz. The experimental results show that there are two peaks at 15Hz and 50Hz. The experimental 
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results are slightly delayed compared with the simulation results. However, the data is larger than the 

simulation results. When the preload is 10 MPa, the peak in simulation results and the peak in 

experimental data all appear at 10Hz, while the change tendency of both results under the different 

frequency is similar and their value are relatively close. When the preload is 15 MPa, the dynamic 

model simulation results show peak at 15Hz, 30Hz and 60Hz, while the experimental data appear at 

about 15Hz and 40Hz, and the numerical difference between corresponding data is large. 

According to the dynamic model of giant magnetostrictive pump-hydraulic drive system, the 

dynamic behavior of output flow, check valve, tube and output cylinder are described. There are many 

factors that affect the dynamic model, including structural shape of tube and interface, the change of 

liquid density in output cylinder, the inertia of liquid in pump chamber, and the inertia of piston 

movement. Although there were some minor differences between the simulation results and 

experimental data, the experimental data verifies the established dynamic model to a large extent from 

the change tendency of output speed varies with frequency.  

5.  Conclusion 

The giant magnetostrictive pump-hydraulic drive system involves a more complex multi-physics 

coupling. At first, the dynamic equations of pump chamber, check valve, tube and output cylinder in 

hydraulic drive system were modeling respectively. Using state space method, the dynamic model of 

giant magnetostrictive pump-hydraulic drive system is constructed by combing these equations. 

Comparing the numerical simulation results of dynamic model with experimental data, both results are 

close to each other when the input current is 4A and the preload is 10 MPa and the fitting degree 

between the curve of experimental results and that of simulation results is also good. The experimental 

data verifies the accuracy of the established dynamic model to a large extent. 
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