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Abstract— DC circuit breakers are major enabling components 

for multi-terminal HVDC systems. The key design targets for them 
are operating speed and efficiency. This paper proposes a novel 
moving coil actuator using a compensation coil topology to operate 
mechanical circuit breakers. This topology aims to significantly 
improve the magnetic field saturation and reduce the system 
inductance, so that the operating speed is increased. Four possible 
connection methods for the compensation coils are proposed and 
analyzed using finite element modelling, ensuing simulation 
results are compared and discussed. The operating speed of the 
moving coil actuator with compensation coils is improved 
significantly compared with the original moving coil actuator. The 
moving coil actuator with compensation coils can open a distance 
of 5 mm within 2.8 ms and the peak efficiency is 47%. 

 
Index Terms—HVDC, DC circuit breaker, mechanical circuit 

breaker, moving coil actuator, compensation coil. 
 

I. INTRODUCTION 
IGH voltage direct current (HVDC) systems provide an 
economical and energy-efficient solution for long-distance 

bulk power transmission [1]-[3]. This significantly supports the 
development of renewable energy, transmitting abundant power 
from remote resources to the cities with high power demands. 
Offshore wind power is an important means for realizing energy 
structure reforms, and HVDC transmission technology is the 
key solution to enable offshore wind power grid connections. 
Large numbers of offshore wind farms have been established 
based on HVDC remote power transmissions [4]. The United 
Kingdom currently has more than one hundred offshore wind 
farms under operation, which provide significant energy for 
industrial use [5]. In China, Zhangbei, the multi-terminal VSC-
HVDC project in the Beijing – Tianjin – Hebei area operating 
at +/-500 kV and up to 4500 MW, enables the integration of 
renewable energy in a transmission ring and ensures the 
optimization of power flow [6]. 

The HVDC circuit breaker, as an important component in the 
system, faces the challenge to provide strong fault-clearance 
capability within a short period of time. The solid-state circuit 
breaker based on IGBT components is able to break the fault 
current in less than a few hundred micro-seconds [7]-[9]. 
However, it has limited overcurrent capability [1], and high 
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conduction losses under normal operating condition [10]-[14]. 
In contrast, the mechanical circuit breaker has low conduction 
losses, which reduces the power losses during normal operation. 
The mechanical circuit breaker uses a pre-charged capacitor to 
create the artificial zero-crossing point. The operating speed of 
the mechanical circuit breaker is limited especially for small 
current interruption, caused by the pre-charged capacitor [15], 
[16]. The hybrid circuit breaker is designed to achieve fast 
HVDC current interruption with less losses than the solid state 
HVDC breaker under normal operation [17], [18]. Research is 
proposed to investigate new circuit breaker topologies [19]-[21], 
control methods [22], and consider the application of 
superconductor materials [23], [24]. Since the semiconductor 
circuit breakers are much faster than the mechanical, the 
breaking time of hybrid DC circuit breakers largely depends on 
the operating speed of the mechanical breaker. It is therefore 
important to design a fast-operating actuator with high 
efficiency and high reliability. 

Typical actuators such as the permanent magnet actuator, the 
Thomson coil actuator, the moving magnet actuator, and the 
moving coil actuator are commonly used for circuit breakers. 
The permanent magnet actuator is a typical linear actuator that 
is widely used in various industrial processes with low 
manufacturing and maintenance costs [25]-[28]. However, the 
operational speed of the permanent magnet actuator is limited. 
The Thomson coil actuator is used for ultra-fast operations [29]-
[31], however, the operating efficiency is limited due to the 
decreasing linked magnet flux density and force between the 
coil and armature as the gap increases [32]-[34]. Given its 
relatively low moving mass and constant air-gap design, the 
moving coil actuator has a great potential to achieve fast 
operating speeds. The excited coil produces an electromagnetic 
force in a magnetic field produced by permanent magnets 
following Lorenz’s law. The moving coil actuator has been 
proved to have better dynamic performance than the moving 
magnet actuator due to its higher force density, which makes it 
more suitable for vacuum interrupter applications [35], [36]. 
However, the moving coil actuator has a large coil inductance, 
which limits the rise of current in the coil and therefore the 
operating speed. Also, the high operating current produces a 
high magnetic field, which leads to saturation in the magnetic 
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core. In addition, the magnetic field changes when the coil is 
energized, which produces eddy current losses in the magnetic 
core. 

This paper proposes a novel moving coil actuator topology, 
which applies a group of compensation coils to the original 
moving coil actuator. The compensation coils generate an 
opposing magnetic field, which reduces the impact of the 
magnetic field produced by the moving coils when they are 
energized. The equivalent coil inductance is significantly 
reduced by the compensation coils and therefore, the rise of 
current in the coil is much faster and so is the actuation. By 
implementing the compensation coils, the magnetic field in the 
magnetic core does not change when the moving coil is 
energized during the opening and closing operations. This idea 
is similar to the compensation winding in DC machines to 
eliminate armature reaction. A similar design was investigated 
by Mikhail Godkin in 2004, this applied three compensating 
coils with different power supplies, and a position sensor to 
accurately control the current in the coils [37]. Passive 
compensation with closed-loop supplied coils placed next to the 
moving coils is proposed in this paper for the first time. The 
closed-loop coils can also be replaced by solid copper rings to 
achieve a similar effect. Four possible connection methods for 
compensation coils are proposed, namely, passive 
compensation, series connection, parallel connection, and 
hybrid connection. The current, force, efficiency, operation 
speed, and displacement are compared for these connections. 

The paper is structured as follows. Section II introduces the 
operating principle of moving coil actuators with compensation 
coil topology. Section III employs finite element modelling to 
compare the actuator operating performance for the four 
different connection methods with the original actuator. Section 
IV discusses the simulation results and summarizes the 
advantages and disadvantages of the moving coil actuator with 
compensation coils. 

II. MOVING COIL ACTUATOR WITH COMPENSATION COILS 
FOR HYBRID DC CIRCUIT BREAKERS TOPOLOGY 

A. Vacuum Interrupter Specification 
Air, oil, and sulfur hexafluoride (SF6) are commonly used in 

circuit breakers. However, vacuum breakers have become the 
most widely used because they are more environmentally 
friendly. A vacuum interrupter is basically a mechanical switch 
as shown in Fig. 1. A moving contact and a fixed contact are 
located at the ends of a ceramic high vacuum arcing chamber. 
This is supported by ceramic insulators, one of which encloses 
bellows to support the movement of the contact [38]. An 
external actuator is used to connect with and operate the moving 
contact. This controls the opening and closing operation of the 
interrupter and is able to hold it in the open and closed positions.  

 
Fig. 1.  Vacuum interrupter diagram [39] 

The vacuum interrupter used in this paper is TJC241-type, 
supplied by Shanxi Baoguang Electric Device Company [39], 
which has voltage and current ratings of 3.6 kV and 1.25 kA. 
The separation distance between the two contacts is 2 mm. The 
weight of the moving part is 0.3 kg and the force required to 
hold contacts open at full stroke is 175 N. It is important that 
the actuator designed for the duty should be able to avoid 
contact popping, bounce, rebound, and welding. The operating 
distance for the actuator is 5 mm when the mechanical 
connections between the vacuum interrupter and the actuator 
are taken into account. This extra operating distance can be 
buffered and absorbed by the auxiliary mechanical structure. 

B. Original Moving Coil Actuator 
The moving coil actuator has the same operating principle as 

a loudspeaker, and is also called a voice coil actuator [40]. Fig. 
2 shows the radial plane of the axisymmetric topology. The 
actuator comprises a permanent magnet, two moving coils, and 
three soft magnetic composite (SMC) blocks. The two moving 
coils make full use of the magnetic field in both air gaps and 
achieve a more compact design when compared with a single 
coil. The permanent magnet generates the magnetic field in 
both upper and lower air gaps through the SMC cores. During 
the normal operation, there is no current through the moving 
coils, so the vacuum interrupter maintains an open or closed 
position. When the coils are energized by a pre-charged 
capacitor, a Lorentz force, which is proportional to the current, 
is induced in the coils. This force can drive the actuator’s 
moving parts in either direction, depending on the direction of 
the injected current. In Fig. 2, for example, the moving coils 
have a force to move downwards according to Fleming’s left-
hand rule. 
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Fig. 2.  Original moving coil actuator topology 

The operating speed of a moving coil actuator depends on the 
electromagnetic force, which can be expressed as: 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐵𝐵𝑚𝑚𝐼𝐼𝐼𝐼 (1) 
Where: 
𝐵𝐵𝑚𝑚: the air gap flux density produced by the magnet 
𝐼𝐼: the current through the coil 
𝐼𝐼: the coil length 
𝑅𝑅𝑐𝑐: the coil resistance 
The coil length for this model is defined as the wire length 

that formed the coil, which can be expressed as: 
𝐼𝐼 = 2𝜋𝜋𝜋𝜋𝜋𝜋 (2) 

Where: 
r: the coil radius 
N: the coil number of turns 
The 𝐵𝐵𝑚𝑚  and 𝐼𝐼  are both constants depending on the design. 

The coil current, therefore, is the key factor to change the force 
on the coil and therefore the operating speed. The coil voltage 
can be expressed as: 

𝑉𝑉𝐿𝐿(𝑡𝑡) = 𝐿𝐿
𝑑𝑑𝑖𝑖𝐿𝐿
𝑑𝑑𝑡𝑡

+ 𝑅𝑅𝑐𝑐𝑖𝑖𝐿𝐿 (3) 

In order to increase the rate of rise of current, one method is 
to reduce the coil inductance. Based on the moving coil actuator 
topology, there are three ways to reduce the coil inductance. 
The first is to reduce the number of turns, which in turn reduces 
the electromagnetic force. The second is to reduce the coil 
radius, which again reduces the force. The third method that is 
proposed here is to provide a compensation coil group to 
oppose and reduce the magnetic field produced by the moving 
coils. This is similar in concept to that of bifilar wound non-
inductive coils. 

C. Moving Coil Actuator with Compensation Coil Topology 
The compensated moving coil actuator topology includes 

two compensation coils as shown in Fig. 3. The two 
compensation coils are fixed to the top and bottom SMC blocks 

and have the same number of turns as the moving coils. 

 
Fig. 3.  Moving coil actuator with compensation coils topology 

The current through the compensation coils follows that in 
the moving coils but in the opposite direction, and produces an 
opposing magnetic field to oppose and reduce the magnetic 
field generated by the moving coils. The magnetic field in the 
SMC blocks is therefore maintained at the value produced by 
the permanent magnets to eliminate saturation. The action of 
the compensation coils can also be explained by their 
generation of mutual inductance with the moving coils which 
reduces the total system equivalent inductance, to achieve a 
higher rate of rise of current during the opening and closing 
operations. In summary, the proposed moving coil actuator with 
compensation coils has the following advantages. The magnetic 
field in magnetic core does not change and the effective coil 
inductance is reduced. This leads to increased rate of rise of 
current and therefore operating speed of the moving coil 
actuator with compensation coils. 

To generate current in the compensation coils, there are four 
possible connection methods. The first is passive compensation, 
in which the two compensation coils are short-circuited as 
shown in Fig. 4 (a). When the moving coils are energized, there 
will be induced current generated in the compensation coils 
reducing the magnetic field.  

The second and third connection methods are series 
connection as shown in Fig. 4 (b) and parallel connection as 
shown in Fig. 4 (c). The benefit of series connection is that the 
current in the compensation coil is the same as the moving coil, 
which provides excellent magnetic field cancellation. However, 
the inductance of the series connection is higher than that of the 
parallel connection. The parallel connection can achieve the 
smallest system inductance, but cannot guarantee that the 
currents in the moving and compensation coils are the same, 
which means that the changing magnetic field is not fully 
compensated. It also requires a capacitor with a higher current 
rating to support the large total current through the four coils. 

Another method is the hybrid connection as shown in Fig. 4 
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(d), which connects the compensation coil and the 
corresponding moving coil in series, then connects the two 
groups in parallel. This connection method can ensure each coil 
group has the same current and reduces the system inductance 
by parallel connection. 

 

(a) Passive compensation              (b) Series connection 

 
(c) Parallel connection              (d) Hybrid connection 

Fig. 4.  Connection method for moving coils and compensation coils 

III. FINITE ELEMENT MODELLING AND RESULTS ANALYSIS 

A. Modelling method 
Finite element analysis (FEA) was carried out by a 2-D 

axisymmetric model in COMSOL, using partial differential 
equations (PDE). FEA simulation had shown excellent 
agreement between numerical and experimental results in 
original moving coil actuator [35]. The COMSOL model 
simulation is built based on the Maxwell’s field equations (4) – 
(7): 

∇ ∙ 𝐸𝐸 =
𝜌𝜌
𝜀𝜀0

(4) 

∇ ∙ 𝐵𝐵 = 0 (5) 

∇ × 𝐸𝐸 = −
𝜕𝜕𝐵𝐵
𝜕𝜕𝑡𝑡

(6) 

∇ × 𝐵𝐵 = 𝜇𝜇0 �𝐽𝐽 + 𝜀𝜀0
𝜕𝜕𝐸𝐸
𝜕𝜕𝑡𝑡
� (7) 

where E is the electrical field, 𝜌𝜌  is charge density, B is 
magnetic flux, and J is charge density in the coils.  

During the operational process, the energy stored in the 
capacitor is used to inject a large current pulse in the coils. The 
equivalent circuit includes a capacitor (C) and moving coils (𝑅𝑅𝑐𝑐 
𝐿𝐿𝑐𝑐) coupled with compensation coils (𝑅𝑅𝑤𝑤 𝐿𝐿𝑤𝑤) as shown in Fig. 
5. The circuit equation can be expressed as: 

𝑅𝑅𝑐𝑐𝐼𝐼𝑐𝑐 + 𝐿𝐿𝑐𝑐
𝑑𝑑𝐼𝐼𝑐𝑐
𝑑𝑑𝑡𝑡

+ 𝑀𝑀
𝑑𝑑𝐼𝐼𝑤𝑤
𝑑𝑑𝑡𝑡

= 𝑈𝑈𝑐𝑐 (8) 

 
Fig. 5.  Equivalent circuit of moving coil actuator with compensation coil 
The electromagnetic force can be derived using the Lorentz 

force as: 

𝐹𝐹 = � 𝐵𝐵�⃗ × 𝐽𝐽 𝑑𝑑𝐼𝐼
𝑙𝑙

0
(9) 

The efficiency of the actuator is defined as the increase of the 
kinetic energy over the decrease of the energy stored in the 
capacitor, which is as shown in equation (10). 

η =
∆𝐸𝐸𝑘𝑘
∆𝐸𝐸𝑐𝑐

=  
1
2𝑚𝑚(𝑣𝑣𝑡𝑡2−𝑣𝑣02)2

1
2𝐶𝐶�𝑈𝑈𝑡𝑡

2 − 𝑈𝑈02�
(10) 

Where 𝐸𝐸𝑘𝑘 is the kinetic energy of the moving part. 𝐸𝐸𝑐𝑐 is the 
energy stored in the capacitor. 𝑚𝑚 is the mass of the moving part. 
𝑣𝑣 is the velocity of the moving part. 𝑈𝑈 is the voltage across the 
capacitor. 

B. Finite Element Modelling 
A common ground is established by using the same topology, 

size, materials, and external supply to investigate the 
performance of the moving coil actuator with compensation 
coils and compare the different connection methods. The 
actuators are designed for a TJC241-type vacuum interrupter 
supplied by Shanxi Baoguang Electric Device Company as 
introduced in the previous section. The actuator designed is 
expected to separate the two contacts by 5 mm considering the 
rebound and buffer structures. 

The moving coil actuator was broadly optimized and has a 
height of 90 mm, and a radius of 70 mm. Neodymium Iron 
Boron (NdFeB) N50-type from the Eclipse Magnetics company 
was used for the design, which has a remanent flux density, Br, 
of 1.4 T [41]. The cylindrical permanent magnet has a height of 
50 mm and a radius of 45 mm. The soft magnetic composite 
used is Symmco’s Somaloy 1000-SP [42]. In order to compare 
the moving coil actuators with differently connected 
compensation coils, the air gap is increased to 7 mm to allow 
space for the compensation coils and the supporting structure. 
The magnetic field in the air gap is designed to be 0.85 T at 
steady state. The compensation coils and moving coils are both 
double-layered with 37 turns. The two compensation coils are 
fixed onto the top and bottom SMC cores. The moving coils are 
fixed on the moving structure carrying the moving contact of 
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the vacuum interrupter. A 20 mF capacitor is pre-charged to 50 
V to provide the excitation current for the moving coils and the 
compensation coils when they are used. Table I lists key 
parameters of the actuator. 

 
C. Magnetic Field Analysis 

During the actuator opening and closing process, the current 
through the moving coils generates a changing magnetic field, 
which is superimposed on the constant magnetic field produced 
by the permanent magnet. This changing magnetic field could 
cause additional saturation. The compensation coil groups can 
eliminate this influence by opposing and reducing the changing 
magnetic field. 

Fig. 6 (a) shows the initial steady state magnetic field 
distribution produced by the permanent magnet. When the 
current flows into the moving coils and reaches 60 A, the 
magnetic field distribution for the original moving coil actuator 
is shown in Fig. 6 (b). As it can be seen that the magnetic field 
around the SMCs core edges is significantly enhanced and 
saturated. To improve this saturation, a pair of passive 
compensation coils are added in the corresponding location of 
the two moving coils as shown in Fig. 6 (c). The induced current 
in the passive compensation coils generates an opposite 
magnetic field to reduce the moving coil magnetic field. It can 
be seen that the edges of the SMCs core are less saturated. Fig. 
6 (d) displays the magnetic field using the series connection. 
The compensation coils and moving coils are series connected 
to ensure that they have the same current and fully compensate 
the magnetic field produced by the moving coils. Fig. 6 (e) 
shows the magnetic field with the parallel connected 
compensation coils. Due to the small difference between the 
radius of compensation coils and moving coils, they present 
different inductances, which results in the magnetic field being 
not fully compensated. Fig. 6 (f) shows the magnetic field 
distribution of the hybrid connection. Due to the corresponding 
compensation coil and moving coil being series connected, 
compensation magnetic fields are generated respectively on the 
top and the bottom coil regions. The changing magnetic field is 
effectively eliminated. It is clear that the moving coil actuators 
with compensation coils in general shows less saturation in the 
SMC cores compared with the original one when the moving 
coil is energized same current of 60 A. 

 
(a)                                 (b) 

 
(c)                                    (d) 

 
(e)                               (f)  

(a) Steady state magnetic field produced by the permanent magnet 
(b) Original moving coil actuator 
(c) Passive connection moving coil actuator with compensation coils 
(d) Series connection moving coil actuator with compensation coils 
(e) Parallel connection moving coil actuator with compensation coils 
(f) Hybrid connection moving coil actuator with compensation coils 

Fig. 6.  Magnetic field distribution with coil current of 60A 
In summary, the compensation coils are able to reduce the 

impact of the magnetic field produced by the moving coil when 
energized, this effectively reduces the moving coil inductance 
and avoids saturation of the core. The passive compensation 
and parallel connections reduce the magnetic field from the 
moving coils even though the current in them is not exactly the 
same, whilst the series connection and hybrid connection can 
fully compensate. 

TABLE I 
ACTUATOR KEY PARAMETERS 

Parameter Value 

Actuator height 90 mm 
Actuator radius 70 mm 
Permanent magnet height 50 mm 
Permanent magnet radius 45 mm 
Permanent magnet remanent flux density 1.4 T 
Air gap length 7 mm 
Magnetic field in the air gap ~0.85 T 
Moving coil number of turns 37 
Compensation coil number of turns 37 
Coil wire cross-section area 1 mm2 
External capacitance 20 mF 
Capacitor voltage 50 V 
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D. Current Analysis 
The electromagnetic force is the key factor to determine the 

actuator operating speed. The force is decided by the current 
through the moving coils. Fig. 7 shows the simulation results of 
the moving coil current in the first 4 ms. It can be seen the 
original moving coil actuator has the lowest rate of rise of 
current. The passive connection and series connection actuator 
have almost the same rate of rise of current. The hybrid 
connection actuator has a fast rate of rise of current and high 
peak current. The current in the parallel connection coils rises 
fastest with the highest peak current value. 

The compensation coils and moving coils form a non-
inductive coil. With lower equivalent inductance, the rate of rise 
of current and peak current are both increased. The parallel 
connection not only provides high excited current for the 
compensation coils, but also reduces the circuit equivalent 
inductance. In this case, the parallel connection actuator has the 
smallest inductance, which makes it has the fastest rate of rise 
of current with the highest peak current value. It is noticed that 
the current through the parallel compensation coils decreases 
very quickly. The current is lower than the hybrid connection at 
t = 1 ms, and then lower than the three other connections at t = 
1.4 ms. The parallel connection, although it has a fast rate of 
rise and high peak current, only has better performance in the 
first time period because the total energy in the pre-charged 
capacitor is the same for all cases. The parallel coil resistance 
will quickly consume the energy from the capacitor. The 
parallel connection actuator would have better performance if 
the energy in the capacitor were increased. 

 
Fig. 7.  Current in the moving coils against time 

Compared with the original moving coil actuator it can be 
seen that the rates of rise of current in the moving coils is 
improved by the compensation coils. Meanwhile, the series 
connection has the same rate of rise of current as the passive 
connection but with a lower peak current. After 1.2 ms, the 
current of both passive compensation and series connections is 
lower than the original actuator, which means that the 
compensation coils for these two connections are only effective 
in the first period, after which the acceleration will be slower 
than in the original actuator. If the capacitor energy is increased, 
the actuator with compensation coils will achieve longer 
acceleration time and better dynamic performance. 

E. Force Analysis 
The electromagnetic force on the moving coils is determined 

by the current in the coil and magnetic field produced by the 
permanent magnet in the air gap. It is important to investigate 
if compensation coils would reduce the electromagnetic force 
on the moving coils. When a current from 0 A to 100 A is 
applied to the moving coils, the static electromagnetic force on 
the moving coils is shown in Fig. 8. It can be seen that the force 
for passive compensation coils is slightly higher than the 
original moving coil actuator. The increased electromagnetic 
force with compensation coils is due to less saturation in the 
magnetic core, leading to a slightly higher permanent magnet 
field in the air gap. The force for series, parallel and hybrid 
connected compensation coils is similar to the original moving 
coil actuator. This is a combined effect of less saturation in the 
magnetic core and the force from magnetic field produced by 
the compensation coils. 

 
Fig. 8. Force on the moving part with linear current 

Fig. 9 shows the force on the moving part during the dynamic 
opening operating process under the same conduction as the 
results shown in Fig. 7. The force has the same trend as the 
current in the moving coil. The actuator with parallel connected 
compensation coils provides the fastest rate of rise of the force 
and the highest force due to the fast current rise. It is noticed 
that the force on the parallel connection actuator reduces 
quickly and even has a negative force after t = 2 ms. This is 
because there is a negative current in the moving coil due to low 
current from the capacitor and slightly imbalanced coil 
inductance between the moving coil and compensation coil. 

 
Fig. 9.  Force on the moving part against time 
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F. Displacement Analysis 
The displacement of the actuators with time is simulated for 

4 ms, as shown in Fig. 10. The actuators with compensation 
coils generally have better performance than the original 
moving coil actuator. The parallel connection and hybrid 
connection actuators have a faster operation speed than the 
other three actuators because of the relatively high operating 
current. As previously mentioned, the operating distance for the 
designed actuator is 5 mm considering the mechanical 
connections between the vacuum interrupter and the actuator. 
The original moving coil actuator and the series connection 
actuator each need more than 4 ms to achieve 5 mm 
displacement, the original moving coil actuator is slightly the 
faster of the two. The passive compensation actuator reaches 
5mm within 3.8 ms. The hybrid connection actuator achieves 5 
mm within 3 ms and parallel connection actuator within 2.8 ms. 
According to these results, the parallel connection actuator has 
the best displacement performance for this vacuum interrupter. 

The displacement performance in Fig. 10 illustrates that the 
selection of the actuators can be different depending on the 
proposed operating distance. The parallel connection actuator 
achieves 6.2 mm at t = 3.5 ms, then it is exceeded by the hybrid 
connection actuator, this is because the parallel connection coil 
current reaches the peak in the first 0.5 ms and then drops very 
quickly. The overall performance of passive and series 
connection actuators is similar to the original moving coil 
actuator. It is noticed that the original moving coil actuator 
operates slowly at the beginning, but exceeds the passive 
connection actuator at t = 3 ms, having the potential to surpass 
series connection actuator in the later part of the action. 

 
Fig. 10.  Moving part displacement against time 

G. Efficiency Analysis 
A high-efficiency actuator is preferred for the HVDC circuit 

breakers due to the challenge of energy harvesting. The 
efficiency of the actuator determines how many times the 
actuator can operate after each charge of the capacitor. Fig. 11 
shows the comparison of efficiency between the five actuator 
topologies. The moving coil actuators with compensation coils 
have higher efficiency in the first 2 ms. The parallel connection 
actuator has a relatively low efficiency below 15%, which is 
due to the energy consumption by the high current in the 
compensation coils. The series and hybrid connection actuators 

have similar efficiency performance, which are better than the 
original actuator in the first 2 ms. The passive compensation 
actuator has the highest efficiency until t = 3 ms. 

 
Fig. 11.  Actuator efficiency against time 

According to the results in the time domain, the passive 
compensation actuator has better efficiency performance if it is 
only required for a short operation time, whilst the original 
moving coil actuator has higher efficiency when the operation 
time is long. 

In practical applications, there is more concern about the 
efficiency against the actuator displacement, rather than against 
time. Fig. 12 shows the efficiency against the displacement. It 
can be seen that the passive compensation and the original 
moving coil actuators have the highest efficiency. And the 
parallel connection actuator performs with the lowest efficiency. 
The efficiency of the passive compensation actuator is almost 4 
times higher than the parallel connection actuator for the 
displacement of 5 mm. 

 
Fig. 12.  Actuator efficiency against displacement 

The breaking process consumes the energy stored in the pre-
charged capacitor. Large energy consumption during the 
operation process requires frequent recharging for the capacitor, 
which is not preferred. Fig. 13 shows the capacitor voltage 
reduction during the operation process. The passive connection, 
series connection, and original moving coil actuators complete 
the breaking operation using the lowest energy from the 
capacitor. The hybrid connection actuator uses 43.1% of the 
capacitor energy, while the parallel connection actuator uses 
82.5% of the capacitor energy for one operation. 
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Fig. 13.  Capacitor voltage against time 

IV. PERFORMANCE COMPARISON 
The moving coil actuators with compensation coils have 

advantages and disadvantages compared with the original 
moving coil actuator. Overall, the moving coil actuators with 
compensation coils have faster operational speeds than the 
original moving coil actuator. The compensation coils 
effectively reduce the magnetic field generated by the moving 
coils, which can reduce saturation and eddy current loss in 
SMCs. At the same time, the compensation coils significantly 
reduce the coil equivalent inductance, providing a faster rate of 
rise of current in the coil. The moving coil actuators with 
compensation coils can achieve the target displacement within 
a shorter period of time. 

Table II shows the quantitative comparison of the 
performance of actuators in terms of the rate of rise of current, 
peak current, peak force, opening time, energy consumption 
and efficiency for one operation. 

The passive connection actuator is slightly faster than the 
original moving coil actuator and has higher operating 
efficiency, this makes it a good solution for the replacement of 
the original moving coil actuator. The series connection 
actuator provides the best magnetic field compensation, and 
achieves no changing flux from the moving coils when 
energized. However, the performance is not as good as the 
passive compensation in terms of both operating speed and 
efficiency. The parallel connection actuator has the fastest 
operation speed, but the lowest efficiency. The high operating 
current requires a capacitor with a higher current rating. Also, 
the energy consumed by the parallel connection for each 
operation is the highest, which means the capacitor needs to be 
recharged more frequently. The operational speed of the hybrid 
connection is lower than the parallel connection but much 
higher than the other actuators, while the operating current is 
relatively small reducing the pressure on the system. The hybrid 
connection actuator maintains high efficiency without too much 
energy consumption in one operation. In summary, the passive 
connection moving coil actuator with compensation coils can 
be an alternative option giving faster speed than the original 
moving coil actuator. The parallel connection actuator can be 
used for an ultra-fast linear actuator. 

 
 

TABLE II 
PERFORMANCE COMPARISON 

 

V. CONCLUSION 
This paper aims to investigate a fast-operating and high 

efficient actuator for a vacuum interrupter. A new type of 
moving coil actuator with compensation coils is proposed. 
Finite element analysis results show the performance of the 
moving coil actuator using compensation coils is significantly 
improved. The compensation coils are able to increase the 
operating speed, and at the same time to eliminate the saturation 
of the core by reducing the moving coil magnetic field. Four 
possible connection methods for the compensation coils: 
passive connection, series connection, parallel connection and 
hybrid connection are investigated in this paper. In summary 
the following conclusions can be drawn: 

1) The compensation coils can effectively reduce the 
effective coil inductance, which achieves a faster rate of 
rise of the current in the moving coil and hence a faster 
operating speed. The compensation coils can also 
reduce the magnetic field produced by the moving coils 
to avoid eddy current loss and saturation. 

2) The current in the compensation coils consumes energy, 
but the overall operating efficiency is still competitive. 
The passive connection actuator has the highest 
efficiency of 43.1%. 

3) The moving coil actuator with parallel connected 
compensation coils offers the fastest operation speed of 
2.8 ms opening time for displacement of 5 mm, which 
also has the largest operating force, reaching peak value 
of 3775.2 N. 

The analysis of the moving coil actuator with compensation 
coils presented in this paper develops a new idea for actuator 
design, which has the potential to improve the actuator 
performance when applied to HVDC hybrid circuit breakers. 
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