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ABSTRACT
This paper focuses on deriving an optimal moving coil actuator design, used as force producing element in hydraulic on/off valves for Digital Displacement machines. Different
moving coil actuator geometry topologies (permanent magnet placement and magnetization direction) are optimized for actuating annular seat valves in a digital displacement
machine. The optimization objectives are to the minimize the actuator power, the valve
flow losses and the height of the actuator. Evaluation of the objective function involves
static finite element simulation and simulation of an entire operation cycle using a single
chamber Digital Displacement lumped parameter model. The optimization results shows
that efficient operation is achievable using all of the proposed moving coil geometries,
however some geometries require more space and actuator power. The most appealing
of the optimized actuator designs requires approximately 20 W on average and may be
realized in 20 mm × Ø 22.5 mm (height × diameter) for a 20 kW pressure chamber.
The optimization is carried out using the multi-objective Generalized Differential Evolution optimization algorithm GDE3 which successfully handles constrained multi-objective
non-smooth optimization problems.
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1

INTRODUCTION

Digital Displacement Machines (DDM’s) are a promising new topology which relies on
several pressure chambers being connected to a high- and low-pressure manifold through
two on/off valves, controlled on a stroke-by-stroke basis. For the machine operation to be
efficient, the valves must be fast switching, leakage free, induce a low pressure drop and
the actuators must be efficient. To this end, direct electro-magnetic actuators are typically
used in combination with an annular seat valve [1] in an integrated and compact mechatronic valve design. Annular seat valves features a large discharge area relative to the
stroke length which, facilitates both fast switching and lower pressure losses during valve
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flow (compared against spool valves). The most widespread electro-magnetic actuators in
fluid power are solenoids, as they feature a simple and robust design. However, the transient performance suffers from an inherent magnetic diffusion delay and are non-linear
in nature making them complicated to control. MC actuators possess some desirable features and characteristics e.g. rapid fast force response, typically they have linear current
to force characteristics and they facilitate bi-directional force capability [2]. Still, MC actuators are not widespread in hydraulics, and the research published on their performance
is limited. The nature of the DDM operation make great demands to the robustness of the
actuators and valves, as they must be durable for large number cycles, and furthermore,
the moving member is exposed to high and fluctuating pressure levels. To verify the simulation models used in the optimization and to test the mechanical robustness, a valve and
actuator prototype has been produced based on the optimization results presented in this
paper. The valve and actuator prototype are shown in Fig. 1. In the near future the valve
prototype is to be installed in a hydraulic radial piston machine which has been modified
to accommodate DDM operation.
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Figure 1: Illustrations of the valve and the actuator prototype.

To evaluate the performance of a MC actuator design, a number of simulation models
are used, incl. static electro-magnetic finite-element analysis (FEA) and lumped parameter
time dependent simulation, which facilitates simulation of entire DDM operation cycles.
The FEA enables accurate estimates of important actuator parameters while the lumped
model enables simulation of the machines performance when imposing different operating
conditions.
The paper is organized as follows: Section 2 provides some background information
on DDM’s, electro-magnetic actuators, and the GDE3 optimization algorithm. Section 3
explains the mathematical models used to evaluate the optimization objectives. Section 4
presents how the optimization problem is formulated and Section 5 presents and discusses
the optimization results. Finally, some conclusions are drawn based on the optimization
results in Section 6.
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BACKGROUND

The Digital Displacement technology was invented at the University of Edinburgh, and
later spun off in the company Artemis Intelligent Power Ltd. The first patent for the Digital Displacement pump was filed in 1989 [3], followed by the Digital Displacement motor
in 1990 [4]. In 2011 Mitsubishi Heavy Industries announced plans for testing a wind
turbine in the 7 MW class where the drivetrain is based on the Artemis technology, but detailed information is still not published [5]. Although no detailed information is available
regarding valve performance or design specifications, the valves installed in the machine
appear to be direct actuated seat valves, with a variable reluctance actuator (solenoid) as
the force producing element, based on graphics included in the patent applications [6, 7, 8].
Several different electro-magnetic actuator topologies exist which may be utilized as
the force producing element in the fast switching valves of DDM’s. Feasible topologies
include variable reluctance actuators (solenoids) [9], polarized variable reluctance actuators [10], moving magnet actuators [11], and MC actuators (voice coils) [12]. However,
since all of these electro-magnetic actuator topologies are feasible for use as DDM valve
actuator, it is not apparent which topology is the most suited for the application. In [2]
the suitability of different actuator topologies applied in DDM’s is analysed revealing the
moving magnet actuator to exhibit superior performance characteristics.
Differential Evolution (DE) algorithms are a relatively new class of Evolutionary Algorithms. It has gained popularity since it has proven to be capable of solving difficult
multi-objective optimization problems successfully. The DE algorithm, which GDE is an
extension of, was introduced by Storn and Price in 1995 [13]. The key benefits of the
DE algorithm, when first introduced, were its simplicity, efficiency and a low number of
optimization control variables. The algorithm used to carry out the optimization is referred to as Generalized Differential Evolution 3 (GDE3). GDE3 improves earlier GDE
versions in the case of multiple objectives by giving a better distributed solution [14]. The
GDE3 uses Pareto optimization i.e. the algorithm returns a set of solutions which are nondominated by any other solution. The GDE3 algorithm uses weak-constraint domination
which means the degree of constraint violation should be expressed in the constraint functions. This accelerates the convergence of the algorithm since designs with a high degree
of constraint violation is opted out through comparison and pruning schemes [15].

3

MODEL FRAMEWORK

The model framework comprises two distinct models which are executed sequentially.
Firstly, a static electro-magnetic FEA is carried out based on a specified actuator geometry, and secondly a lumped parameter DDM simulation model is executed. The FEA
enables calculation of important actuator parameters based on the solution of the initial
magnetic field induced by the permanent magnets of the MC actuator. The lumped parameter DDM model simulates the entire operation cycle using the parameters obtained from
the FEA, some DDM parameters and some predetermined DDM operating conditions.
The following sub-sections describe the main details of both simulation models.
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3.1

Static Electro-Magnetic Finite-Element-Analysis

The problem is modelled as an axi-symmetric problem since the actuator geometry primary is primarily rotation-symmetric. The model is simulated using the open-source software FEMM v.4.2 scripted through Matlab. The software returns a solution to the initial
magnetic field generated by the permanent magnets which satisfies both expressions of
Eq. 1 via a magnetic vector potential approach [16].
→
−
∇· B = 0

→
− →
−
∇× H = J

(1)

→
−
→
−
where H is the field intensity and B is the flux density. The field intensity and flux density
are related through the permeability µ. The advantage of solving for the magnetic vector
potential is that all the conditions to be satisfied can be combined into a single equation.
→
−
→
−
→
−
By rewriting the flux density as B = ∇ × A , where A is the magnetic vector potential,
→
−
both expressions in Eq. 1 can be combined to Eq. 2. For the general 3-D case A is a vector
with three components. However, in the axi-symmetric case two of these components are
zero which reduces the computational effort needed to solve the model significantly.


1
→
− →
−
(2)
∇ ×  →
− ∇ × A = J
µ B
To solve Eq. 2 magnetic and electrical properties must be specified for all materials used
in the model. The materials properties used in the model are given in Tab. 1. Fig. 2 shows
measured hysteresis loops for low carbon steel used as core material.
Table 1: Magnetic and electrical properties of materials used in static electro-magnetic FEA.
Material
Air
Copper (@100◦C)
Magnet (NeFeB 35MGOe)
Low carbon steel (11SMnPb30)
Cast steel

BH-relation [A/m,T]
µr = 1
µr = 1
µr = 1.045, Hc = 9.15 · 105
see Fig. 2
Selected points:(H,B)={(0,0)(1.15k,1.11),
(1.73k,1.27), (4.08k,1.53),(16.93k,1.87)}

Conductivity [S/m]
0
4.55 · 107
0 (shell magnets)
5.8 · 106
6.20 · 106

Based on the (specified) actuator geometry input, the regions are defined with the appropriate properties. Additional to the regions given by the actuator geometry a surrounding
air domain is included with asymptotic boundary conditions to emulate an open space.
Each region of the solution domain is meshed using the software’s auto-mesh method
which typically results in a mesh consisting of 2500 to 5000 triangular elements. The initial magnetic flux distribution, using the geometry of the derived optimal design used for
the valve prototype, is shown in Fig. 4 along with the generated mesh.
The average total field intensity at the core steel boundary adjacent to the air gap and
the average radial flux density in the air gap, indicated in Fig. 4, are extracted from the
FEA results to calculate the MC actuator parameters. These quantities, along with an
estimate of static inductance, are used in the dynamic lumped actuator model explained in
Section 3.2.
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BH-loops at 20 Hz for Prototype Core Steel
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Figure 2: Measured hysteresis BH-curves, using the
approach given in [17], for the steel used in the prototype with the deducted BH-curve used in the FEA.

0.4

0.6

0.8

1

Copper wire diameter [mm]

Figure 3: Achievable fill factor as a function of copper wire diameter. Data based on available wires at
voice coil manufacturer Nikkei Electric Co., LTD.
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Figure 4: Auto generated mesh consisting of 3238 triangular elements and the initial magnetic flux distribution generated by the permanent magnets for the prototype actuator.

The coil fill factor used in the FEA and optimization is incorporated as a discrete
function of the wire thickness as shown in Fig. 3. This is done to account for the poor
achievable fill factor when using thin wires. The data is based on the available wire thickness (and resulting insulation lack layer) from the coil manufacturer used for the valve
prototype.
3.2

Lumped Parameter Digital Displacement Machine Simulation Model

A lumped parameter model for a single pressure chamber of a DDM has been constructed
which facilitates simulation of entire machine cycles under various operating conditions.
The model comprises several sub-models, which each seek to describe specific energy
exchanges that happen within a DDM. The sub-models of the DDM simulation model
interact as shown in Fig. 5. The driving input is the movement of the shaft from which
the movement of the piston in the pressure chamber is obtained. By imposing appropriate
initial conditions and manipulating the valve control signals at appropriate times, according to the piston position, the model facilitates simulation of all three operation cycles i.e.
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motoring, pumping and idling. However for the optimization problem at hand only the
motoring cycle is used. During simulation, several internal transient states of the DDM
are solved e.g. pressures, flows, plunger dynamics, actuator currents etc. From analysis of
the transient states important measures on performance and efficiency can be evaluated.
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Figure 5: Block diagram showing how the different sub-models of the lumped parameter simulation model
interacts.

This section focuses on the sub-models that has dominating influence on the valve
and actuator related losses. These sub-models are a lumped MC actuator model, a valve
dynamics model, and a flow restriction model (flow vs- pressure characteristics).

Moving Coil Lumped Parameter Actuator Model
The MC electrical dynamics is modelled using an analytical transformer model with an
air gap and a primary- and secondary coil, see Fig. 8. The primary coil is the MC of
the actuator and the secondary coil is a modelling element which accounts for the eddy
currents generated in the core upon a change in flux density. This approach was suggested
in [18], and in [19] a method to extend the approach to include non-linear magnetic diffusion effects was presented by the authors. The secondary coil parameters are based on
an estimation of the magnetic field depth as a function of time [20]. The diffusion depth
is defined as illustrated in Fig. 6 and Eq. 3 gives an expression for the magnetic diffusion
depth.
flux density [T]

δ(t)

Increases with time
as the wave diffuses

BR,ini+bR(t)
BR,ini+(1/e) bR(t)
BR,ini

R

r [m]

Figure 6: Illustration of the rectangular profile approximation. The radial integral of a diffusing wave is
approximated by the flux density BR,ini at the boundary of the inner yoke material and the characteristic
penetration depth δ (t).
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δ (t) = δ (0) (t) +


2
δ (0) (t)
6R

s R
2 0t hR (t)dt
where : δ (0) (t) =
σ bR (t)

(3)

R is the inner core radius, hR and bR are the magnetic field strength and flux density
change, due to coil current transients, at the boundary of the inner core (see Fig. 4). hR
and bR are related through the obtained BH-curve data of Fig. 2, with the offset HR,ini and
BR,ini respectively. By considering the magnetic path of the flux generated by the current
as a number of reluctances connected in series, hR may be calculated as [19].
hR =

bPM lPM
Nicoil Nieddy bgap,r lgap
−
−
µ0 −
lavg
lavg
lavg
lavg µ0 µr,PM

(4)

The flux density change bgap,r and bPM , due to the coil current, is calculated based on
an estimate of the flux generated by the coil current. The flux is calculated based on
the diffusion depth, and the calculated flux density at the boundary of the inner core as
(rectangular profile approximation):
φcoil = Az (δ (t)) bR

(5)

Az ((t)) is the axial cross sectional area the flux passes through which varies with the
diffusion depth, see Fig. 7. bgap,r and bPM are calculated from the coil flux and their cross
sectional areas normal to the flux.
bgap =

φcoil
Ar,gap

bPM =

φcoil
Ar,PM

(6)

Ar,gap and Ar,PM are the radial cross sectional areas which the flux passes through. Based
on the diffusion depth, parameters of the two winding transformer model is continuously
estimated. The eddy current resistance Reddy and the eddy current paths leakage inductance
Leddy are calculated as:
Reddy =

leddy
hcoil δ (t)σ

Leddy = N 2

µ0 µr Az δ (t)
hcoil

(7)

symmetry axis
Assumed flux path of
current generated by coil

φcoil
Az(δ(t))

δ(t)
z
bR
r
Figure 7: Sketch showing the assumed flux path of the flux generated by the coil current.

Fig. 8 illustrates the transformer model applied to the MC actuator and the equivalent
magnetic circuit diagram. The governing equations, derived from the equivalent magnetic
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circuit diagram are given in Eq. 8 and 9 where the shorted turn winding parameters have
been referred to the coil winding:

vcoil = Rcoil icoil + (M + Lcoil )

d(ieddy /N)
dicoil
−M
− ẋlavg,wire NBi,gap,r
dt
dt
|
{z
}

(8)

d(ieddy /N)
dicoil
+ (M + Leddy (t))
dt
dt

(9)

ε

0 = N 2 Reddy (t)(ieddy /N) − M

where vcoil is the coil voltage, Rcoil is the coil resistance (incl. current carrying springand wire feedthrough resistance), M is the mutual inductance linking both the main eddy
current path and the coil, Lcoil and Lcoil is the leakage inductance of the coil and the eddy
current path respectively, N is the number of coil turns, ẋ is the velocity of the coil, lavg,wire
is the average length of a single wire turn, icoil and ieddy is the coil current and the eddy
current magnitude respectively. The generated magnetic Lorentz force is calculated as:
Fact = icoil Bi,gap,r lavg,wire N

Rcoil

Symmetry axis

(10)

Leddy

Lcoil

The ”shorted” turn

φM

ε
icoil

φeddy

φcoil

M

ieddy /N

N2Reddy

vcoil

Figure 8: Transformer model applied to MC actuator and equivalent magnetic circuit diagram where the
shorted turn parameters are referred to the coil side.

Modelling of Valve Plunger Dynamics
When leading flow through semi-opened valves the flow losses are considerable. In addition, the optimization results reveal the that the actuators should be relatively weak actuators. This establishes demands to the accuracy of the models since the valve movement
is likely to be dominated by the flow- and movement induced fluid forces acting on the
plunger during switching. While the models must give accurate and reliable characteristics they should still be computational efficient to keep the computational burden at a
manageable level.
Since only the actuator of the valve is to be optimized in this design step, the plunger
geometry is fixed. The flow and movement dependent parameters are obtained through
CFD simulations, in [21] and are used in the lumped parameter model. The force equilibrium may be written as:
ẍ =

1
mmoving


Fmov (x, ẋ, ẍ) + Ffluid (x, Q, pc ) + Fact (icoil ) + Fspring (x)

(11)
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Where Fmov is the movement-induced fluid force, Ffluid is the flow- and pressure-induced
fluid force, Fact is the electro-magnetic actuator force and Fspring is the opening spring force.
In addition to the force contributions shown in Eq. 11 a suitable end-stop model have been
implemented which limits the plunger position within the confines of the actuator strokelength and resets the plunger acceleration and velocity accordingly.
Movement-Induced Fluid Force Model
The movement-induced fluid force arises as the valve moving member is forced through
the surrounding fluid whereby the surrounding fluid is forced to displace. This force contribution is often neglected in non-CFD models due to the complexity of describing this
force for general valve geometries. For fast switching valves with large shadow areas this
force contribution may be significant [22, 23].
Generally, the force exerted on a rigid body moving through a fluid domain is governed
by the Navier-Stokes equation. Analytical solutions to this problem is limited to simple
cases, they may however still be useful for gaining insight to the governing characteristics
for more complicated geometries. The model is derived based on an analytic solution
to the Navier-Stokes equation for a sphere moving in a linear path through an otherwise
stationary fluid [24]. The used model, proposed in [21] is shown in Eq. 12 where the
parameters ka , kv , kd , kh are determined using CFD analysis.
Fmov =

− kv (x)ẋ − kd |ẋ| ẋ − kh
| {z }
| {z }
Added massterm Viscous term Dragterm |
ka (x)ẍ
| {z }

Z t
d ẋ
0

1
√
dτ
dτ t − τ
{z
}

(12)

Historyterm

In order to simulate the movement-induced fluid forces using Eq. (12), the history term
must be -reformulated to a form appropriate for discrete time domain simulation. Assuming piece-wise constant acceleration, the history term may be approximated using:

kh
= 2kh

d ẋ
dt

√ √
d ẋ
( t − t − T1 ) +
dt
T1

Z t
d ẋ
0

1
√
dτ
dτ t − τ

√
√
d ẋ
( t − T1 − t − T2 ) + . . . +
dt
T2

(13)
!
p
p
( t − Tf−1 − t − Tf )
Tf

Where sampling times are denoted t = {T1 , T2 , . . . , Tf }. The above expression increases in
size during simulation, and all previous accelerations and the corresponding time stamps
must be assessable during simulation. Evaluation of the history term is relatively time
consuming, especially after some time as the number of samples increases. To circumvent
this and keep the computational burden at a manageable level, the history term is only
evaluated during valve movement, and the number of sampling times in the evaluation
is kept at a fixed and manageable number. More details on derivation of the movementinduced fluid forces and model verification are presented in [21].
Flow and Pressure Induced Forces
The flow force Fflow is modelled as:
Fflow = kf1 (x)Q2 + kf2 (x)Q

(14)
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Where kf1 and kf2 are functions of the valve plunger position fitted through CFD analysis
(details in [21]). When the valve is closed (x = 0), a switched condition is used to account
for the force induced by the pressure difference across the valve:
(
Fflow x > 0
Ffluid =
(15)
As ∆p x = 0
Where As is the axial shadow area of the valve plunger and ∆p is the pressure difference
across the valve.
Flow vs. Pressure Loss Model
The pressure loss during valve flow must be modelled with a relatively large degree of
accuracy since the associated energy loss is significant. The used model aims to model
the relation between flow and pressure for a wide range of flow rates and for complicated
valve geometries. The used model was proposed in [25] and showed good accuracy for a
wide range of flow rates:
∆p = kp1 (x)Q2 + kp2 (x)Q

(16)

where kp1 and kp2 are functions of the valve position determined through a number of CFD
simulations.
3.3

Objective Function Evaluation

All of the objectives used in the optimization are calculated using the described simulation
models. Depending on the specified design vector, some constraints could be violated
during execution of the static FEA model. In this case, the lumped parameter simulation
model is not executed to reduce the computational time. Similarly, execution of the lumped
parameter simulation model is omitted if the actuator force at steady current does not
exceed the opposing spring force the actuator must overcome to initiate movement. Figure
9 illustrates how the objective function is evaluated. The bold face letters represents the
constraint and objective functions, which are additional explained in Section 4.
Operation/model settings
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DDM model

Motoring
piston
pressure
LPV

Yes

No
Bad
design?
C4, C5
C6
Yes
No
No
Exit objective function evaluation

Geometric
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Static
FEA

HPV

LPV
closed?

C1

HPV
closed?

O1, O2, O3
Objectives/
constraints
C2, C3

Computation time

0.01 sec

1-2 sec

0.01 sec

5-15 sec

Figure 9: Flow chart illustrating how the objective function is evaluated.

In addition to the efforts made to reduce the computational time several designs are
evaluated simultaneously. This is realized by using a workstation PC with 16 GB ram and
8 cores, each optimized for running dual threads, leaving 16 threads at disposal for parallel
processing of the objective function.
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3.4

Simulation Example of Model

Fig. 10 shows a simulation example of the lumped parameter DDM model, using the
optimized prototype design and the operating conditions given in Tab. 2. The valves are
actively closed by a rapid response of the MC actuator while the valve opening occurs
passively due to pressure and spring forces.
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DDM parameters
Piston stroke length
Piston bore Ø
Cylinder dead volume
Displacement1

Value
49 mm
36mm
62 CC
50 CC/rev

Prototype valve par.
Stroke length, lstroke
Shadow area, As
spring preload, L/H
Coil Layers

2.5 mm
4.9 cm2
(30/30)N
2

Operating cond.
Shaft speed
Supply pressure, L/H
Supply voltage

800 RPM
(5/350) bar
80 V

Performance data
Avg. act. power, L/H
Avg. flow loss, L/H
L/H closing time
L/H opening time
Avg. power1
Cycle efficiency2

(21/21)W
(25/25)W
(2.1/1.9) ms
(3.1/3.3) ms
22 kW
99.4%

Figure 10 & Table 2: Simulation example using the prototype actuator design and DDM parameters and
operation conditions given in the table.

4

FORMULATION OF THE OPTIMIZATION PROBLEM

The valves should be fast switching to minimize the flow when the valves are semi-open.
But how much actuator power should be invested to minimize the combined valve and
actuator losses? In addition, typically, several valves and actuators are integrated in a
compact DDM design. Therefore, size and compactness of the actuators should also be
emphasized in the design. To this end, the used objectives to be minimized are:
.
R T
RT
O1 Avg. actuator power: Pact = 0 cycle vL iL dt + 0 cycle vH iH dt
Tcycle
O2 Core height: hcore (see Fig. 12).
R T
.
RT
O3 Avg. flow losses: Pflow = 0 cycle ∆pL QL dt + 0 cycle ∆pH QH dt
Tcycle
2 Only
1 Only

valve losses considered.
one chamber considered.
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Where Tcycle is the cycle duration, vL , vH , iL and iH are the actuator voltages and currents,
∆pL , ∆pH , QL and QH are the valve pressure drops and flows. By minimizing these three
objectives an efficient motoring operation is ensured, along with an efficient and compact
actuator design.
The permanent magnet (PM) could be placed in several different positions and magnetized in different directions. The different geometries or permanent magnet placements
that have been explored are shown in Fig. 11. Each of the four geometries represents an
optimized design point (highlighted in Fig. 13). The PM of design A and B are radially
magnetized, whereas for design C and D the PM is axially magnetized.
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Figure 11: Overview of the different geometries that are explored in the paper. Each design is optimized and
represents the highlighted points of Fig. 13.

In connection, not only performance should be considered, the design topology should
also be easy to manufacture and assemble. When using axial magnetization the permanent
magnet can be realized in a one solid which easily can be incorporated in the design. The
radial magnetization is realized by a number of cylinder ring section shaped shell magnets,
each individually magnetized (to realize sufficient flux levels during magnetization). Also,
geometry C has a ring of stainless steel incorporated in the outer cast iron to avoid magnetic short-circuiting in the outer cast. Figure 12 shows the parametrization of geometry
C (with a two coil layer winding), and Tab. 3 gives the design variables.
In addition to the geometry related design variables, four control related design variables are used for defining a simple modulation. The MC is excited with voltage pulses of
constant amplitude. One design variable is used to determine the voltage pulse start shaft
angle, and one design variable determines the duration of the corresponding voltage pulse,
for each valve (see Tab. 3).
Lastly, constraint functions must be formulated. The constraint functions are formulated to express the violation degree of each constraint function to benefit from the weak
constraint domination scheme of GDE3. A number of geometry related constraint functions are formulated for each of the geometries that have been tested. Additionally, constraints are used for designs that are obviously bad or simulation of the lumped parameter
model did not finish successfully. The constraints used for geometry A are:
C1 Success indicator: Depending on the design point, the operation cycle may only be
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hcoil
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bpm

bcast

Design var.
hcore
Rcoil
bPM
hcoil
dwire
hair
Vsupply
θL
θH
∆θL ,∆θH
Geo Consts.
ci ,co
Rcore
bcast
bfoil

Description
Height of act. core
Radius of coil
Thickness of PM
Height of coil
Copper wire thickness
Height of gap above PM
Supply voltage for acts.
Voltage step angle
Voltage step angle
Voltage step duration
Description
Inner and outer clearance
outer core radius
outer cast thickness
former thickness

Bounds
[0.1,1] mm
[5,20]mm
[0,10]mm
[3,50]mm
[0.1,1]mm
[0,10]mm
[5,300]V
[50,90]rad
[230,270]rad
[1,15]rad
Value
(0.4,0.5)mm
22.5 mm
10 mm
0.2 mm

Figure 12 & Table 3: Parametrization of geometry A. The red parameters are design variables and the black
parameters constants. The Table gives all design variables for geometry A along with some geometrical
constants.

C2
C3
C4
C5
C6

5

completed partially (too weak actuators, bad timing, etc). The violation degree is
set based on the simulation time at which the operation cycle failed.
Efficiency out of range: an cycle efficiency in the range 75-100 % is expected. The
constraint is unsatisfied if the evaluated efficiency lies out of that range.
Energy utilization constraint: the output energy should be at least half of the ideal
input energy.
Geometry constraint: coil height must be smaller than actuator core height.
Geometry constraint: outer radius of PM must be smaller than outer core radius.
Bad design indicator: magnetic force in steady state at voltage level Vsupply must be
greater than the opposing spring force.
OPTIMIZATION RESULTS

This section shows the optimization results obtained while using the different MC actuator
geometry topologies. Fig. 13 shows the achieved Pareto fronts using the four proposed
geometries while Tab. 4 gives the problem infos and solution statistics. The geometry
and initial flux distribution for the highlighted design points are shown in Fig. 4 and 11.
For geometry A, B and C each design point of the population are non-dominated by any
other design point i.e. Pareto optimial, whereas only 30 % of the population for geometry
D are non-dominated. Common for all the different geometries is the average flow loss
which only varies vaguely for the majority of the design points (between 50 W and 55 W),
therefore O3 may be disregarded in the decision making process when selecting a design
point. This indicates that a similar actuator response is achievable using each of the four
geometries, and therefore only O1 vs. O2 is shown separately. A trade off exist between
the average actuator power and actuator core height. Naturally, designs with small actuator
height demands larger actuator power and vice-versa. The average actuator power varies
for most designs in the range 40-500 W while the actuator heights for most design are in
the range 8-40 mm. It is worth noticing that, if a too small or inefficient actuator design is
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used, the actuator power quickly exceeds the flow losses by several factors. The actuator
height using geometry D is generally larger than for the remaining geometries. The results
show similar Parato front’s for geometry A and B.
The actuator prototype design is given by:
~x = (dwire , hcoil , R, bpm , hcore , hair ,Vsupply , θcl,L , θcl,H , ∆θcl,L , ∆θcl,H )
is
~x = (0.25 mm,9.0 mm, 15.0 mm, 3.1 mm, 1 mm, 19.0 mm, 85 V
59.2 deg, 234.8deg, 8.4 deg, 8.7 deg)

45
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Figure 13: Optimization results using the four different actuator geometries. The minimum objective points
for each design objective have been highlighted along with the design point of the actuator prototype.

Table 4: Magnetic and electrical properties of materials used in static electro-magnetic FEA.
Description
No. of objectives
No. of design variables
No. of constraints
Population size
No. generations
No. function evaluations
GDE3 control settings: CR,F
No. fronts in final generation
% of gen. in first front

6

Geo. A
3
11
6
100
250
25k
0.75,0.25
1
100

Geo. B
3
11
7
100
250
25k
0.75,0.25
1
100

Geo. C
3
11
7
100
250
25k
0.75,0.25
1
100

Geo. D
3
12
9
100
250
25k
0.75,0.25
3
30

CONCLUSIONS AND FUTURE WORK

Different moving coil actuator geometry topologies, for DDM’s, have been explored through
optimization. In total, four different permanent magnet placement have been tested to find
the most suited topology. The objectives are to minimize the actuator height and actuator
power and flow loss. Evaluation of the objectives include static-electro magnetic FEA and
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lumped parameter models enabling simulation of entire DDM cycles. The optimization
tool successfully converged towards a set of non-dominated solutions for each optimisation problem. The optimization result showed that the average flow losses only varies
vaguely which indicates efficient machine operation is feasible using all of the proposed
topologies. However, some geometries generally require more space than others, and some
geometries requires larger actuator power. The most suited topologies are geometry A and
B which both uses radially magnetized permanent magnets. An actuator and valve prototype has been manufactured based on the optimization results with a core height of 19 mm
and an average actuator power 20 W, enabling an efficiency of 99.4 % during motoring
operation (only valve related losses are considered). Future work involves experimental
testing of the prototype to verify the models used in the optimization.
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