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Abstract— An integration of an electric motor and a drive
with wide-bandgap (WBG) devices possesses numerous attractive
features for electrified and decentralized actuation systems.
The WBG devices can operate at a high-junction temperature
(>170 °C) with improved efficiency due to fast switching speed
and low on-state resistance. It also leads to better performance
and higher power density electro-hydrostatic actuators (EHAs)
than the traditional solutions, which are being widely adopted in
industrial applications such as aerospace, robotics, automobiles,
manufacturing, wind turbine, and off-road vehicles. This paper
introduces and investigates the benefits of the integrated motor
drive with the WBG-based power electronics for the EHA
systems.

Index Terms— Actuators, high-temperature operation,
hydraulics, integrated motor drive (IMD), modularization,
wide-bandgap (WBG) devices.

I. INTRODUCTION

THE integrated motor drive (IMD) is a structural inte-
gration of an electric motor with a motor drive as a

single unit, which improves power density with 10%–20%
less volume and reduces 30%–40% of the overall system
costs of installation and manufacturing [1]. The elimination
of expensive components such as shielded connection cables,
a separate housing for the inverter, a centralized controller
cabinet, and high-voltage and current bus bars is the primary
driving force in lowering the cost [2]. It also leads to an
improved electromagnetic interference (EMI)/electromagnetic
compatibility behavior due to the direct connection of the
motor to the drive without additional cables [3].

The recent advancements in motor drive technology such
as modularization and wide-bandgap (WBG) devices can
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significantly enhance the performance of the IMDs in fault
tolerance, efficiency, power density, and high-temperature
operation [2]–[5]. The WBG-based IMD is advantageous in
many applications, and a huge potential lies in the electrifica-
tion of actuators, which are being widely used in aerospace,
robotics, automobiles, manufacturing, and off-road vehicles.
The role of the electrified actuation system is becoming more
critical especially in the automotive industry due to the rapidly
growing interests in electric vehicles, off-road vehicles, and
autonomous vehicles where the highly efficient and reliable
steering, suspension, braking, and heavy-duty actuators are
required [6]–[9].

The hydraulic actuator based on a cylinder is the most
commonly used for linear transmission movement in indus-
tries where high-power density, robustness, reliability, high-
temperature operation, lightweight, and low volume are
required. However, the conventional combustion engine-driven
hydraulic and electro-hydraulic (EH) actuators, as shown
in Fig. 1(a), have fundamental limitations in achieving high
efficiency due to the excessive throttled pressure loss and high
heat generation in a servovalve [10].

Electromechanical (EM) actuator [11]–[13] and electro-
hydrostatic actuator (EHA) [14], [15] were introduced to
replace the conventional actuators. The EM actuator has the
simplest structure, as illustrated in Fig. 1(b), and it provides
the highest efficiency. However, the maximum power of the
EM actuator is restricted. The high probability of jamming and
wear of the mechanical transmission components also remain
a concern [16].

The EHA utilizes an electric motor-driven bidirectional
hydraulic pump in which the inefficient servovalve is elim-
inated, as shown in Fig. 1(c). The overall system efficiency of
the EHA is higher than that of the EH due to the low parasitic
losses while the hydraulic transmission system still provides
high reliability with extremely high force capability. This new
technology has been rapidly adopted in the aerospace industry
since early 2000 [16]. However, the additional electric motor
and power electronics of EHA increase the total volume and
weight of the system, which degrades the total system power
density, as shown in Fig. 2.

This paper investigates the use of WBG devices and
IMD technology for reducing the volume and weight of EHA
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Fig. 1. Three different types of linear actuators. (a) Conventional hydraulic actuator (EH). (b) EM actuator. (c) EHA.

Fig. 2. Comparison of specific power versus output power of various actuator
types for an actuator velocity of 300 mm/s replotted from [17].

and improving controllability in conjunction with high-
temperature and fault-tolerant operation due to the compact
integration and the modularized motor drive. Different motor
designs for EHA with IMD are also introduced in detail.

II. ELECTRO-HYDROSTATIC ACTUATORS

The conventional hydraulic system consists of a hydraulic
pump, an electric motor, and multiple cylinders connected by
meter-in and meter-out valves. This structure is highly cost-
effective due to the lowest number of the pump and the electric
motor, but only applicable to a system with a strictly sequential
working cycle [18]. The second level of individualization is the
separate assignment of a variable displacement pump to each
actuator while sharing a common prime mover. This structure
reduces the overall number of valves since the motion control
is carried out by variable displacement units, which can be
switched to idling mode if needed [18].

The last level of individualization is the separate assignment
of the EHA systems to each actuator. This configuration
combines the best features of both hydraulic and electric
technologies. It is also known as zonal or decentralized
hydraulics—an approach first introduced in the aerospace
industry. In a fully decentralized system, hydraulic pumps are
disconnected from the engine and replaced with the hydraulic
power packs distributed throughout the system [19].

There are three different structures of the EHA depend-
ing on the speed control capabilities of the electric motor
and the hydraulic pump: 1) fixed pump displacement and

variable motor speed; 2) variable pump displacement and
fixed motor speed; and 3) variable pump displacement and
variable motor speed [20]. The fixed pump displacement
and variable motor speed configuration are most commonly
used due to its structural simplicity and high efficiency. This
actuation technology is the combination of the electric-to-
mechanical power conversion and the mechanical-to-hydraulic
power conversion, which ensures high reliability and high
static force.

The WBG-IMD can play an essential role in the decen-
tralized actuation system, where several motors and drives are
required to manipulate the individual actuator. The overall vol-
ume and weight of the actuators can be significantly reduced
while improving the performance and the overall system
efficiency. The high-temperature operation capability and the
improved EMI behavior would be the additional benefits from
the use of WBG device and the compact integration.

III. INTEGRATED MOTOR DRIVE WITH

WIDE-BANDGAP POWER ELECTRONICS

A. Configurations of Integrated Motor Drives

IMDs offer viable solutions for the increased demands
of high-power density and highly efficient EHA systems.
The principle concept of IMD is an integration of motor
drive on or inside the motor housing, as shown in Fig. 3.
There are four different IMD configurations, which have been
reported in the literature: 1) radially housing-mounted (RHM);
2) axially housing-mounted (AHM); 3) radially stator iron-
mounted (RSM); and 4) axially stator iron-mounted (ASM)
[21], [22]. The radially mounted configurations are advanta-
geous in high-speed motors, where the stack length tends to
be longer than the stator diameter for low rotor inertia and
low rotor tip speed [see Fig. 4(a)]. This configuration is also
beneficial when the additional space needs to be allocated in
an axial direction for a gearbox or a cooling fan.

On the other hand, the axially mounted configurations are
preferable in high-torque motor, where the stator diameter
tends to be longer than the stack length [see Fig. 4(b)].
The stator iron-mounted configurations provide more compact
and seamless integration compared to the housing-mounted
configurations, but they have several potential issues such as
the limited space and additional cooling requirement due to
high ambient temperature.

The example designs of four different configurations are
shown in Figs. 5 and 6 with their specification summarized
in Table I. There are a large number of commercialized
RHM-IMDs and AHM-IMDs since these configurations
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Fig. 3. Conceptual illustration of four different IMD configurations. (a) RHM. (b) RSM. (c) AHM. (d) ASM.

Fig. 4. Different integration methods of power electronics depending on the structure of the electric motors (space for power electronics highlighted in red).
(a) Radially mounted for sausage-type motors (L1 > D1 and L2 > D2). (b) Axially mounted for pancake-type motors (D3 > L3).

Fig. 5. Example designs of radially mounted IMDs. (a) RHM [23]. (b) RHM [24]. (c) RHM [25]. (d) RSM [3]. (e) RSM [26]. (f) RSM [27].

require the least modification on the existing motors and
drives. Fig. 5(a) shows an RHM-IMD and Fig. 6(a) and (b)
shows AHM-IMDs, where motors and drives are individually
designed in separate housings and integrated. It is the simplest
integration approach, which helps to avoid additional engineer-
ing challenges such as a thermal shielding between the motor
and the drive and a modularization of motor drives for the
integration on the curved motor surface.

More aggressive integration has been achieved by Siemens
[Fig. 5(b)], Nidec [Fig. 5(c)], and Yaskawa [Fig. 6(c)], where
the motor and the drive are more tightly integrated with
cooling systems. Siemens claims that the overall system
weight has been reduced by 10%–15% due to the elimination
of the heavy connecting cables and the additional housing
materials [24]. Nidec claims the volume and weight of the
RHM-IMD that are 32% and 69% of the conventional motor
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Fig. 6. Example designs of axially mounted IMDs. (a) AHM [28]. (b) AHM [29]. (c) AHM [30]. (d) ASM [3]. (e) ASM [31]. (f) ASM [34].

TABLE I

SUMMARY OF IMD SPECIFICATIONS

drive system, respectively [25]. The key enabling technologies
for these IMDs are the advanced cooling system and the power
switching devices. Siemens has invented a cooling system that
creates a water screen between the motor and the drive for
the thermal isolation. Nidec has developed a silicon carbide
(SiC)-based motor drive, which can operate at high switching
frequency and high junction temperature with significantly
reduced volume and weight. Yaskawa has developed a compact
and finless 3-kW gallium nitride (GaN)-based motor drive,
which generates much fewer losses compared to the conven-
tional drive [30].

Nidec has announced the next research plan toward a
stator iron-mounted IMD, where the power electronics com-
ponents are directly integrated on the motor stator iron. This
configuration has more benefits than housing-mounted IMDs
such as compactness, less housing material, and modular-
ization, which is preferable for more seamless integration
on the curved motor surface as conceptually illustrated in
Figs. 5(d)–(f) and 6(d)–(f). However, it requires a highly
sophisticated cooling system to prevent overheating of power
electronics components. In [3], the modularized power elec-
tronics components have been placed on the top of the motor
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Fig. 7. Standard three-phase inverter and fault-tolerant three-phase inverter topologies for IMMDs. (a) Four-leg inverter. (b) Six-leg inverter with a single
dc link. (c) Three single-phase inverters. (d) Cascaded inverter with separate dc links.

cooling jacket to create a thermal barrier between the motor
and the drive, as shown in Fig. 5(d). In [26], a stator housing is
integrated with a power electronics heat sink creating a single
forced air cooling channel. In [34], the power electronics
components are placed on the inside of the motor endplate,
as shown in Fig. 6(f). The endplate is redesigned to have more
fins to dissipate heat from the power electronics effectively.

B. Wide-Bandgap Devices for IMDs

WBG devices such as GaN and SiC provide several benefits
for IMDs such as low switching and conduction losses, high-
power density, and high-temperature operation. Both SiC and
GaN devices have lower ON-state resistances as compared
to Si MOSFETs at the ambient temperature of 25 °C.
GaN devices, in general, have the lowest ON-state resistance,
but as the ambient temperature increases up to 150 °C, SiC
devices outperform any other types of devices, which make
them ideal for the high-temperature operation. The price
of the WBG device is still 2–3 times higher than that of
the Si MOSFET, and GaN devices are generally more expen-
sive than SiC devices due to the manufacturing complexity
(reliability, current collapse, and packaging) and low market
penetration. Nevertheless, the overall WBG-based IMD system
cost can be significantly reduced from other parts such as cool-
ing, connecting wires, passive components, control cabinet,
and packaging, as shown in Figs. 5(c) and 6(c).

The performance of WBG devices in comparison with
Si MOSFET and insulated-gate bipolar transistor (IGBT)
has been extensively investigated over the last few years
in many different applications [36]–[46]. In [36], 650-V
GaN device was compared with Si CoolMOS where GaN
showed 2–3 times faster switching speed with 2.5% higher
efficiency at 300-kHz buck converter operation. When the
650-V SiC device was compared with Si-IGBT for automo-
tive applications in [37], SiC power losses were 63% lower
than that of Si-IGBT with 47% smaller footprint. In [3],

the fundamental efficiency limits of Si, SiC, and GaN devices
were analytically estimated and the WBG devices showed
higher efficiency than that of Si devices in all frequency
range from 10 kHz to 1 MHz. In [39], the efficiency of a
SiC-based IMD was compared with a Si-based IMD for EHA
applications, where the switching speed of SiC device was
four times faster with 2% higher overall drive efficiency
at 100 kHz as compared to the Si device. In [40], a 200-V
GaN-based motor drive showed 4.89% higher efficiency than
that of a Si-based motor drive, achieving 88.8% loss reduction
from the switching devices.

In [42], a comprehensive analysis on a SiC-based and
a Si-based 11-kW motor drives was conducted, where the
SiC motor drive without any filter showed the lowest loss
among other drives. However, the authors pointed out that
the high dv/dt became an issue for a motor at some distance
from the motor drive. In the IMD system, however, the
dv/dt issue can be adequately mitigated due to the absence
of the connection cables. In [43], it was reported that the
efficiency of a GaN motor drive at light-load condition was
significantly higher than that of Si-IGBT motor drive, which
is critical in the pump applications. The light-load total system
efficiency of GaN motor drive was 5%–20% higher than that
of Si-IGBT motor drive. The same phenomenon was also
observed in a SiC-based motor drive in [44]. At 15 kHz,
SiC motor drive showed 20% higher efficiency as compared
to that of Si-IGBT motor drive.

IV. FAULT-TOLERANT AND HIGH-
TEMPERATURE OPERATION

A. Modularized and Fault-Tolerant Motor Drives

The modularization of the motor drive is one of the key
features in IMDs. The modularized motor drives provide better
installation on the curved surface of the stator lamination
as well as the fault-tolerant operation, which is significant
in the electrified actuator operation [47]–[50]. Fig. 7 shows
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TABLE II

SIC SWITCHING DEVICE OPTIONS FOR IMD

four different fault-tolerant inverter topologies [51], which
are suitable for an integrated modular motor drive (IMMD)
application. The additional TRIACs can be added to each
topology to improve the fault-tolerant operation capability
further [52]. The modularization of these inverter topologies
can be achieved with multiple phase leg modules [Fig. 7(a)],
multiple full-bridge inverter modules [Fig. 7(a) and (b)], or
multiple three-phase inverter modules [Fig. 7(c)].

The four-leg inverter topology in Fig. 7(a) has an additional
redundant inverter phase connected to the neutral point of an
electric machine. This topology provides a single-phase open-
circuit and a single-switch open-circuit fault tolerance for both
induction and permanent magnet (PM) machines as reported
in [53] and [54].

The six-leg inverter topology has three full-bridge inverters
with a single dc-link capacitor, as shown in Fig. 7(b), which
has a motor short-circuit fault [50] and a single-switch open-
circuit fault tolerance [55]. For a single-switch short-circuit
and a single-phase short-circuit fault tolerance, the additional
TRIACs are required [50].

The three single-phase inverter topology [see Fig. 7(c)] has
the same number of switches with the six-leg inverter, but it
has three separate dc-link capacitors for each phase. It provides
a dc-link capacitor fault tolerance as well as a single-phase
open-circuit and a single-switch open-circuit fault tolerance.

The same number of switches can be reconfigured to form
the cascaded inverter, as shown in Fig. 7(d). The connection
of the inverter with the electric machine is essentially the
same as the previous topologies except for the number of
the dc-link capacitors. The benefit of having two separate
dc-link capacitors is that there is no requirement for the
zero-sequence current control [51]. This topology also pro-
vides a single-phase open-circuit and a single-switch open-
circuit fault tolerance.

B. High-Temperature Operation

The EHAs are initially designed for an aerospace appli-
cation. Therefore, the operating condition requirements are
for harsh environments such as high altitude, high mechanical
stress, and low temperatures in general. The most commercial
actuation systems are designed to tolerate the temperature
ranging from −18 °C to 71 °C.

With the current trend of individualization and integra-
tion, designers are facing higher requirements and challenges.

When stationary or industrial applications are concerned,
the typical operating condition is at the room temperature.
The working temperature is defined by the oil, o-ring, and
seal temperature. The safe temperature range for the oil is
under 80 °C, which can slightly vary depending on the oil
type and manufacturer.

Considering the mobile applications such as off-road
machinery, the temperature variation range becomes much
wider due to the environment temperature. Especially in
a high-temperature working condition, the conventional
hydraulic systems (open-circuit) utilize a high-volume tank
for maintaining relatively constant oil temperature. In EHAs,
which utilize a closed-circuit approach, the temperature con-
trol becomes a challenge due to the limited amount of oil.
Therefore, the thermal balance between the components is
important since the high temperature accelerates the degra-
dation of the components.

For the motor drive, more aggressive cooling techniques can
be used to dissipate the heat, but it will increase the overall
volume and weight of the system. The WBG devices can be
a better choice compared to Si devices since WBG devices
inherently have higher operating temperature (>170 °C) than
the conventional silicon (Si) devices. The commercially avail-
able WBG devices are summarized in Tables II and III, where
SiC devices tend to have higher junction temperature than a
typical junction temperature limit of Si devices (<150 °C) due
to their low intrinsic charge carrier concentration [56]. The
SiC devices also have three times higher thermal conductivity
(lower thermal resistivity) than Si devices, which ensures the
lower junction temperature rise for the same amount of power
losses from the devices. Thus,

TJ − Tamb = Ploss(TJ )θJ−A (1)

where TJ is the junction temperature, Tamb is the ambient
temperature, Ploss(TJ ) is the power loss at TJ , and θJ−A is
the total junction-to-ambient thermal resistivity. In the case of
GaN devices, the maximum junction temperature is typically
the same as the conventional Si devices although there are
few exceptions. It is important to note that the switching and
conduction losses of the GaN devices are much lower than
those of the Si devices, which helps to maintain the junction
temperature low for the same operating condition.
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TABLE III

GAN SWITCHING DEVICE OPTIONS FOR IMD

V. ELECTRIC MOTORS FOR ELECTRO-HYDROSTATIC

ACTUATORS WITH IMDS

Four different types of electric machine topologies are
potentially good candidates for EHA applications, which
are induction machine (IM) [57]–[60], surface and interior
PM machine [6], [10], [61]–[63], and switched reluctance
machine (SRM) [64]–[67].

A. Performance Evaluation for EHA

For EHA applications, fast torque response with good cyclic
performance is the highest priority among other requirements.
The fast torque response helps to improve the stiffness of the
EHA system, and the cyclic performance is a critical attribute
for fail-safe operation. In this section, torque response and
cyclic performance of four different electric machines are
thoroughly reviewed and compared.

Field-oriented control [68], [69] and direct torque
control [70] are widely used for IMs. The deadbeat direct
torque and flux control (DB-DTFC), which is well-known
for the fastest torque response, has been gaining popularity
in a number of applications [71]–[73]. DB-DTFC has also
been applied to PM machines, which provides significantly
improved torque response [74], [75]. The SRMs typically do
not have as fast torque response as the other three machine
topologies due to the unique drive topology and the operating
principle. In [63], a novel direct instantaneous control of SRM
for the hydraulic pump system was proposed. Even though
the authors claimed an improvement in the SRM response, its
response time is still in the range of 100 ms.

As for the cyclic performance, the IMs have been
used in many applications with repetitive motions, such as
EH actuators, washing machines, and manufacturing lines.
In spite of the technical maturity and robustness of IMs,
the system efficiency of EHA with IMs is significantly lower
(10%–20%) than that of the EHA with PM machines [76]. The
PM machines are being dominantly used in EHA applications
due to its high efficiency, high torque density, and fast torque
response. Nevertheless, it requires special attention to prevent
the rotor overheating, which causes an irreversible demagneti-
zation. The SRMs have robust rotor structures and the inherent
fault tolerance capability, which are attractive for EHA appli-
cations. However, the highly nonlinear characteristics and high

torque ripple are the main drawbacks of SRMs. Much effort
has been made in recent years to improve the performance of
SRMs [77], torque ripple [78], and acoustic noise [79], which
make them more appealing to EHA applications.

B. Challenges and Opportunities for IMDs

Four different types of motors (IM [3], [4], [24], [32], [34],
surface permanent magnet motor [3], [5], [26]–[30], [33],
IPM [35], and SRM [23], [25], [31]) have been reported in
the literature for IMD application. The IMs typically have the
relatively long winding overhang, which gives extra space for
power electronics for ASM, as shown in Fig. 6(c). In this
case, a sophisticated thermal shielding between the stator
winding and power electronics is required [3]. A number of
thermal analysis and cooling methods have been investigated
for IMD application in [3], [23], [35], and [80]–[82], where
integrated cooling systems for both electric motors and drive
are investigated. The modularity of IMs is lower than that
of other types of motors unless multiple three-phase inverter
modules are used as introduced in [4].

The PM machines with fractional-slot concentrated winding
(FSCW) are becoming increasingly more popular due to their
high slot fill factor, short-end turns, high efficiency, and
power density [83]. The FSCW also provides high modularity,
which makes it more suitable for IMMD application [5]. The
challenges associated with IMMDs with the PM machines are
the implementation of a distributed control and communication
systems with multiple controllers [84]. Each inverter modules
need to be synchronized, and the master controller should
read the measured current, estimate the output commands,
and send them to each module within a time step of a
pulsewidth modulation. In [85], multiple DSPs and field-
programmable gate arrays with a master/slave architecture
and fiber-optic links have been proposed and implemented
for cascaded multilevel converters, which is applicable in
IMMD application as shown in [35]. The other challenge
associated with the IMMDs with the PM machines is the
disconnection of inverter modules when a fault occurs. Since
rotor magnetic flux cannot be turned OFF, the faulty inverter
modules need to be safely disconnected from the remaining
healthy modules to prevent uncontrolled generator operation.
Series winding TRIACs [52], [86], ac, and dc circuit breaker
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are the viable options with the increased system complexity,
cost, and volume. The other simple solution is to implement
a fuse in series with dc-link capacitor as reported in [87].

The SRMs have the highest modularity among other
machine types due to the magnetic and electric independency
of each phase winding. It is not required to disconnect any
faulty module due to the absence of the rotor magnet. The
challenges of IMDs with SRMs are the design of the high-
power density inverter modules for the compact integration
and high mechanical stress on the power electronics from the
motor vibration.

VI. CONCLUSION

This paper investigates the high-performance EHA system
with the IMDs and WBG device technologies. The state-of-
the-art actuation systems, IMDs, WBG devices, and electric
machines are reviewed and summarized in detail.

The IMDs offer numerous benefits including high power
density and fault-tolerant operation, which are becoming more
important in the individualized EHA systems. The conceptual
illustrations of four different IMD configurations are presented
including their example designs. The efficiency and device
characteristics of the WBG-based IMDs are also reviewed
in comparison with the conventional Si technology, in which
the WBG devices outperform especially in a high switching
frequency and light-load operation.

The growing demands of high power density and high-
temperature operation in the EHA can certainly be satisfied
with the emerging power electronics and motor design tech-
nologies suggested in this paper.
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