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Abstract: As an energy converter, electromagnetic linear actuators (EMLAs) have been widely used in industries. Multidisciplinary methodology is a preferred tool for the design and optimization of EMLA. In this paper, a multidisciplinary method was proposed for revealing the influence mechanism of load on EMLA’s loss. The motion trajectory of EMLA is planned through tracking differentiator, an adaptive robust control was adopted to compensate the influence of load on motion trajectory. A control-electromagnetic-mechanical coupling model was established and verified experimentally. The influence laws of load change on EMLA’s loss, loss composition and loss distribution were analyzed quantitatively. The results show that the data error of experiment, and simulation result of input energy, mechanical work, and iron loss is less than 3%. The iron loss accounts for less than 54.9% of the total loss under no-load condition, while the iron loss increases with the increase of load. For iron loss distribution, only the percentage of inner yoke keeps increasing with the increase of load. The composition and distribution of loss are the basis of thermal analysis and design.
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1  Introduction

As an energy converter, EMLAs have been widely used in industries because of their high power density, high linearity, and compact structure [1–3]. The EHLA based on linear actuator is becoming a research hotspot because of its good dynamic performance [4]. However, the large amount of heat generated by internal loss will lead to an undesirable temperature increase in EMLA [5–7]. There is an increasing demand for simultaneously solving related physical phenomena.

Currently, lumped parameter method [8], semi-analytical method [9], and numerical method [10–13] have been proposed for the thermal design and loss analysis of EMLA. The lumped parameter method is mainly employed for analysis of thermal resistance network as well as for calculation of conduction, convection, radiation, and contact thermal resistances for different components of actuators [14,15]. Lumped parameter method is characterized by low cost and faster calculation speed. For the finite element method (FEM), the heat conduction in a solid element with specific conductivity can be modeled, but the convection and radiation boundaries must be based on empirical correlations [16–18]. Loss analysis is the key to establish the accurate thermal model of EMLA and improve its working efficiency.

Typically, the static analysis method, quasi-static analysis method, and dynamic analysis method have been proposed for the loss analysis of EMLA. A thermal-electromagnetic coupled design methodology for linear actuators was proposed. The copper loss was considered as the source of temperature rise [19]. The influence of iron loss and mechanical loss on temperature rise was ignored in the static analysis method. In references [20,21], the iron loss and eddy current loss of the actuator using finite element analysis. The loss analysis was proposed under excitation current with a fixed mover. Although, the iron loss of the actuator at a certain position can be measured conveniently and accurately by the quasi-static loss analysis method [22]. The effect of loss by motion was neglected [23]. The iron loss with the fixed mover or unfixed mover was quantitatively analyzed and compared in [24]. The movement of the mover has a great influence on the electromagnetic field intensity and distribution. The accuracy of multidisciplinary methodologies which considering thermal and electromagnetic coupling with geometrical and temperature constraints can be improved by the dynamic analysis method [25]. Simultaneously solving related physical phenomena has become a necessary method. In the above works of literature, the influence of load on loss has not been researched.

To realize the application of the actuator, the motion curve must not change with the load. Therefore, the robustness of the control method and the tracking performance of EMLA need to be improved. Many compensations for disturbances have been proposed. Such as thermal disturbance, Coulomb friction, and other nonlinearities of the EMLA [26–28]. For systems with uncertain factors and variable disturbances, adaptive control is a good choice [29,30]. Compared with other nonlinear factors, the amplitude of load change is relatively large. It’s a challenge to design a trajectory tracking controller with variable load. The trajectory tracking controller is the basis of loss analysis considering load.

In this paper, a multidisciplinary method was proposed for revealing the influence mechanism of load on EMLA’s loss. The motion trajectory of EMLA is planned through tracking differentiator, an adaptive robust control was adopted to compensate the influence of load on motion trajectory. A control-electromagnetic-mechanical coupling model was established and verified experimentally. A coupling model including mechanical, electromagnetic, and control of EMLA is established in Section 2. Experimental verification is carried out and discussed in Section 3. The interaction between load and loss is analyzed quantitatively in Section 4. The work is concluded in Section 5.

2  Multidisciplinary Coupling Modelling

2.1 Electromagnetic-Mechanical Modelling

In this paper, a moving coil electromagnetic linear actuator is taken as an example to illustrate the multidisciplinary methodology, whose structure and principle are shown in [19] detail. The actuator has a cylindrically symmetrical configuration and consists of two sets of coils with opposite current, two yokes, a cover, a coil former, and a Halbach permanent magnet (PM) array, shown as Fig. 1. The actuator is a coupled electromagnetic-mechanical system, and the mathematic model can be described as


{u(t)=Ri(t)+kev+Ldi(t)dt
Flf=kmimd2xdt2=Flf−Fld−Fd(1)

where u, i represent the input voltage and the current through the coil, respectively. R, L represent the resistance and inductance of the coil, respectively. ke, km represents the back electromotive force coefficient and the force sensitivity of the actuator respectively. Flf, Fld, Fd represent the electromagnet force, the load and the external disturbance respectively. m is the moving mass.
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Figure 1: The schematic of bi-stable permanent magnet actuator

2.2 Modelling of EMLA’s Loss

It can be perceived that EMLA’s losses mainly consist of copper loss and iron loss [24,27]. The copper loss ignoring the effect of temperature rise is expressed as


PCu=R0⋅i2
(2)

where R0 is the resistance measured at the base temperature. The iron loss, although difficult to approximate with the magnetic hysteresis and eddy currents are taken into account, whereas the stray loss is neglected, is calculated as


Wiron=khBafa+ kedBbfb
(3)

where Wiron is the iron loss volume density, B is the magnetic flux density, f is the excitation frequency, a and b are the empirical coefficient material related, kh and ked are the Steinmetz hysteresis loss coefficient and the eddy-current loss coefficient respectively. Under the influence of coil current, there is a strong eddy current along the circumferential direction at the inner yoke, because the inner yoke is not laminating the core structure (through thin sheets) or sintered powder metallurgy techniques [24].

2.3 Design of Trajectory Tracking Controller

The motion trajectory of the EMLA is planned through tracking differentiator (TD) [28]. In order to compensate the influence of variable load on the trajectory tracking control, an adaptive robust controller is proposed. The diagram of the adaptive robust control system is shown in Fig. 2. Since the inductance of the EMLA is small, it can be ignored for the simplified model. According to Eq. (1), a state-space can describe as follows:


{x˙1=x2θ1x˙2=u−θ2x2−θ3−θ4+d~
(4)

where x1 = x, x2 = v denote the position and the velocity, respectively. The parameters are defined as θ = [θ1, θ2, θ3, θ4]T, where θ1 = mR/km, θ2 = ke, θ3 = RFld/km and θ4 is the nominal value of FdR/km, d˜ = FdR/km-θ4 represents the uncertain portion. In general, the exact values of θ4 and d˜ are unknown, while the range of them can be determined. Therefore, the assumptions can be made using the same techniques as in [29,30]. xd(t) is defined as a reference motion trajectory, which is bounded and twice differentiable. The control objective is to design a control input u. A sliding-mode-like variable p is defined as


p=e˙+k1e=x2−x2eq
(5)

where e = x1-xd is the tracking error, 
x2eq=x˙d−k1e
and k1 > 0 is a positive gain. By the Laplace transform of Eqs. (5), (6) can be obtained as below:


Gp(s)=e(s)p(s)=1s+k1
(6)
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Figure 2: Diagram of adaptive robust control system

Eq. (6) is a transfer function with a steady convergence rate. By differentiating Eq. (4) and Eq. (5), the following equation can be obtained:


θ1p˙=u−θ1x˙2eq−θ2x2−θ3−θ4+d~=u+ϕTθ+d~
(7)

where 
ϕT=[−x˙2eq,−x2,−1,−1] andx˙2eq=x¨d−k1e˙
.

In order to compensate the major nonlinearities, including parameter variations and the external load variations. The following adaptive robust control is proposed


u=ua+us,ua=−θ^Tϕ,us=us1+us2,us1=−ks1p
(8)

where ua is the model compensation term. us is a robust control law, in which us1 is used to stabilize the nominal system and us2 is a robust feedback term used to attenuate the effect of various model uncertainties.

2.4 Coupling Analysis Model

In this study, FEM and analytical model were used to analyze the loss of EMLA considering the interactions among electromagnetic, mechanical, and control, shown as Fig. 3. 3D FEM modeling was realized with JMAG-Designer, while the mechanical and control modeling was realized with Matlab. The coupling model adopts the non-simplified 3D model. The 3D mesh model of EMLA is illustrated in Fig. 4. The material of the coil is copper, the material of the cover and yokes are steel, and NdFeB is used as the material of the permanent magnet. In order to ensure the strength of the coil carrier, PTEF is selected as its material. kh, ked, a, and b are materially related, which are set in the JMAG-Designer’s material library. In addition, the displacement and voltage of the coil were taken as the input for electromagnetic field calculation. The analysis results of the Lorentz force will be reversely coupled to adjust the displacement in the mechanical system. The analysis results of the armature reaction will be reversely coupled to adjust the voltage in the control system. All the above makes the coupling simulation more accurate and reliable.
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Figure 3: The control-electromagnetic-mechanical coupling model of EMLA
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Figure 4: 3D model and mesh model of EMLA

3  Experimental Verification

3.1 Experimental Setup

A linear load simulator based on the moving coil electromagnetic linear actuator is developed, which could load the linear force accurately through the current control of the moving coil. The moving coils of EMLA and linear load simulator are designed with rigidity connections shown in Fig. 5. The linear load simulator is an electromagnetic linear actuator with the same parameters as the EMLA under force control [27]. The fixed-point Digital Signal Processor TMS320F2812 is chosen as the digital controller. The DSP control board, interface circuit, current sensors, and voltage sensor are integrated into the control unit.
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Figure 5: Experimental setup

A force transducer is equipped to collect the force signals imposed on the stator of the linear load simulator according to Newton’s Third Law. Also, a position sensor is mounted by the side of EMLA to provide the position feedback, current sensors and voltage sensor are used to measure the input current and voltage of EMLA. The main parameter of EMLA is shown in Tab. 1 and the accuracy of each sensor is shown in Tab. 2.
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To verify the effectiveness of the coupling model, the input energy (win) of actuator is obtained by integrating the product of coil current and coil voltage into time. The mechanical work done by electromagnetic force (wef) is converted into the negative work done by load and friction. In this paper, the friction of EMLA and linear load simulator was tested as the reference [27], which is shown in Fig. 6. The work done by friction is treated as a constant, due to the mover keeps the same motion curve. In every operation wf = 0.01 J, the working stroke is 10 mm. The work done by load is obtained by integrating the product of the load simulator output force and mover velocity into time. Thus, the iron loss is obtained indirectly in the test:


wiron= win−wcopper−wef
(9)
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Figure 6: The friction of EMLA and linear load simulator

3.2 Experimental Setup Results

The load force output by load simulator is shown in Fig. 7, and the trajectory tracking result with different loads is shown in Fig. 8. The trigger time in Fig. 7 represents the time when the coil starts to move. The load simulator moves under the drive of the electromagnetic linear actuator, and the resulting back electromotive force makes the output load force smaller. The load force is adjusted to the target value after a certain period time under the action of the force control method. It can be seen from the figure that the load force varies within 3%.
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Figure 7: Load force output by load simulator
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Figure 8: Trajectory tracking result with different load

The trajectory tracking curves coincide with different loads, under adaptive robust trajectory tracking control. This proves the effectiveness of the control method design. To further analyze the energy consumption of the EMLA, the working process of the EMLA is divided into two stages: actuation stage and stable stage. In the actuation stage, the mover moves from the initial position to the target position. The actuator needs to be applied with enough excitation current to drive mover moves to the target displacement, and the velocity is close to 0 when reaching the target displacement. In the stable stage, the mover stays firmly in the target position by the holding current. The holding current is determined by the load. The holding current is zero when the load is zero. Under the control system, the amplitude of current variation in the actuation stage and the holding current in the stable stage increase with the increase of load.

The experiment and simulation results of the power consumption vs. load are shown in Fig. 9. According to the error analysis, we can see that the accuracy of input energy (win), copper loss (wcopper), mechanical work (wef), and iron loss (wiron) are ± 0.7%, ± 1%, ± 0.2%, and ± 4.4%, respectively. The mechanical work which done by electromagnetic force, input energy, and copper loss increases linearly with the load. The increase of iron loss with load is relatively insignificant. Combining with the results in input energy, mechanical work, and iron loss, data error of experiment and simulation result is controlled within 3%. Which validates the correctness and precision of the control-electromagnetic-mechanical coupling model. The coupling model lays the foundation for the follow-up researches on quantitative analysis of loss, temperature inhibition, and multiphysics design of EMLA. However, the accuracy of the given results will be affected by various factors, in addition to the accuracy of the measurement equipment, the measurement noise will also affect it.

[image: images]

Figure 9: Experiment and simulation results of the power consumption vs. load

4  Quantitative Analysis and Discussion

4.1 Composition and Distribution of Loss without Load

In order to deeply analyze the composition and distribution of the loss, this paper quantitatively analyzes the loss of the EMLA in a single operation. Copper loss is produced by coil current, so the copper loss is concentrated in the coil. The inner yoke, outer yoke, cover, and permanent magnets all have a iron loss in the changing electromagnetic field. The iron loss includes hysteresis loss, eddy current loss, and stray loss. Because the EMLA is in the low-frequency working state, hysteresis loss and stray loss are very small, so the iron loss is mainly eddy loss. The cloud map of iron loss density of EMLA at peak value without load is shown in Fig. 10. The highest iron loss density point is located on the inner yoke close to the mover’s initial position, because the current rises rapidly at the beginning of the actuation stage, creating a strong eddy current. The inner yoke produces the highest average iron loss density in the whole working process. The inner yoke is inside the coil. Under the influence of coil current, there is a strong eddy current along the circumferential direction at the inner yoke, because the inner yoke is not laminating the core structure (through thin sheets) or sintered powder metallurgy techniques. Besides, the loss distribution of each element is an important basis for temperature calculation. The percentage of components’ loss in the total loss is shown in Fig. 11.
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Figure 10: Cloud map of iron loss density of EMLA at peak value
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Figure 11: The volume percentage and loss percentage of each component

The loss in the stable stage is zero under no-load condition. Coil’s copper loss accounts for the highest proportion of the total loss, and coil’s loss accounts for 45.1% of the total loss. The ratio of loss from the largest to the smallest is the coil, inner yoke, PMs, cover, and outer yoke. PMs account for 47% of the total volume, due to the EMLA’s actuating force was maximized and linearized utilizing Halbach magnet array. The ratio of loss from the largest to the smallest is PMs, outer yoke, inner yoke, cover, and coil. RL/V is defined as the ratio of loss percentage to volume percentage. The RL/V of the coil is 9.0. The RL/V of the inner yoke and cover is less than 2. The RL/V of PMs and outer yoke are less than 1. Thus, the temperature rise of the coil locating inside the EMLA is obvious. At the same time, the temperature rise of the inner yoke locating inside the coil will be obvious, due to the closed space. Besides, the permissible temperature rising of PMs and coil is 180°C in the prototype. Therefore, the temperature rise of PMs and coil is an important index.

4.2 Impact of Load on Loss Composition

The change of load leads to the change of EMLA’s excitation current, which will cause the change of the actuator’s electromagnetic field. The results of EMLA’s loss versus load are shown in Fig. 12. The iron loss does not change with the load in the stable stage, and iron loss can be ignored. Copper loss and iron loss in the actuation stage increased by 33.2% and 2.8%, respectively, as the load increased from 0 to 40 N. Copper loss in the stable stage increased from 0 to 4.0 J, as the load increased from 0 to 40 N. The copper loss in the stable stage is generated by the holding current, which is proportional to the load. Since the displacement curve in the actuation stage remains unchanged, the EMLA needs to produce the same acceleration and deceleration, the excitation current changes with the load. As the copper loss is proportional to the square of the current, the copper loss of the EMLA increases rapidly with the increase of load. The increase of iron loss in the actuation stage is relatively slow, because the iron loss is related to the electromagnetic field strength and change frequency, and the electromagnetic field change frequency does not change when the load increases.

[image: images]

Figure 12: The results of EMLA's loss composition vs. load

The loss composition percentage in the actuation stage is shown in Fig. 13. The copper loss accounts for 45.1% of the total loss under no-load condition, while the iron loss accounts for 54.9% of the total loss. With the increase of load, the percentage of copper loss in the actuation stage increases gradually. The percentage of copper loss and iron loss in the actuation stage is the same when the load is 34 N. When the load is greater than 34 N, the percentage of copper loss is greater than that of iron loss. Copper loss increases rapidly in the stable stage, while the iron loss can be ignored, as the load increased. Therefore, the percentage of iron loss decreases with the increase of load, while the iron loss increases with the increase of load.
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Figure 13: The loss composition percentage in actuation stage

4.3 Impact of Load on Loss Distribution

Since the copper loss is only distributed on coils, the iron loss distributes on the inner yoke, outer yoke, cover, and PMs with the load is mainly analyzed. The cloud map of iron loss density of EMLA at peak value with different load are shown in Fig. 14. The highest iron loss density point is located on the inner yoke close to the mover’s initial position, because the current rises rapidly at the beginning of the actuation stage, creating a strong eddy current. The average iron loss density of the actuator, from the largest to the smallest is the inner yoke, PMs, cover, and outer yoke. The loss distribution of each component does not change significantly with the increase of load. The area of high loss density area increases on the inner yoke and PMs. For quantitative analysis, the impact of load on loss distribution, the iron loss of each component with different load is shown in Fig. 15.
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Figure 14: Cloud map of iron loss density of EMLA at peak value with different load
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Figure 15: The iron loss of each component with different load

The iron loss on each component increases with the increase of load. The inner yoke’s iron loss and PMs’ iron loss increased by 4.1% and 3.5%, respectively, as the load increased from 0 to 40 N. While outer yoke’s iron loss and cover’s iron loss increased by 2.5% and 1.1%. The increase of inner yoke’s iron loss and PMs’ iron loss is less than outer yoke’s iron loss and cover’s iron loss. The changing amplitude of coil excitation current increases, the influence of coil armature reaction on the working magnetic field increases, as the load increased from 0 to 40 N. The magnetic field changes intensify on the inner yoke, PMs, and outer yoke, while has little influence on the cover.

The loss distribution percentage in each component with a different load is shown in Fig. 16. The iron loss of inner yoke and PMs always accounts for more than 70% of total iron loss. The percentage of inner yoke’s iron loss keeps increasing, while the percentage of cover’s iron loss keeps decreasing as the load increased from 0 to 40 N. The percentage of outer yoke’s iron loss and PMs’ iron loss is unaffected by the load. The impact of load on loss distribution lays a foundation for the research of loss reduction. Due to the EMLA’s actuating force was maximized and linearized utilizing Halbach magnet array. The change of PMs will significantly affect the performance of EMLA, so the study of the loss reduction should focus on the inner yoke and coils.
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Figure 16: The loss distribution percentage in each component with different load

5  Conclusions

(1) The data error of experiment and simulation result of input energy, mechanical work, and iron loss is less than 3%. Which validates the correctness and precision of the control-electromagnetic-mechanical coupling model using the multidisciplinary methodology.

(2) The iron loss accounts for 54.9% of the total loss under no-load condition. The percentage of iron loss decreases, while the iron loss increases with the increase of load.

(3) The iron loss of inner yoke and PMs always accounts for more than 70% of total iron loss. Only the percentage of inner yoke’s iron loss keeps increasing with the increase of load.
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Table 1: Prototype parameters

Parameter Value
Prototype diameter/mm 60
Outer yoke inner diameter/mm 53
Inner yoke outer diameter/mm 26
Inner yoke inner diameter/mm 12
Force sensitivity/N/A 24.6
Resistance/Q 1.17
Coil turns 258
Moved mass/g 120
Axial actuator length/mm 150
dc-link voltage/V 24

Inductance/mH

1.06
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Table 2: Accuracy of each sensors

Sensor Model Accuracy/% Response time
Position Sensor LCIT +0.1 1 us

Current Sensor ACS712 +0.5 40 us

Voltage Sensor SMIV =+ 50 +0.2 40 us

Force Sensor LSR +0.2 50 us
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