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Abstract: Wireless motor drive (WMD) systems have been developed to address 
the problems of wire twists and motion limitations. Among various techniques, 
inductive power transfer (IPT)-based WMD systems have been widely adopted due 
to their high efficiency and power capacity. This review focuses on the circuit 
topologies and operating principles of IPT-based WMD systems. Existing WMD 
systems are categorized into two main architectures: cascaded and integrated 
structures. In cascaded structures, the IPT converter and the motor drive are 
implemented as separate stages. In contrast, integrated structures combine IPT and 
motor drive functions, typically through the use of multiple coils or matrix 
converters. The paper first examines various cascaded configurations, classified 
according to the voltage and current characteristics of the IPT output and the motor 
drive input. A comparative analysis between these topologies is then provided. 
Subsequently, the paper explores integrated structures, summarizing feasible multi-
coil configurations and explaining the multiple frequency operation principle which 
is essential to such designs. Moreover, the application of matrix converters in WMD 
systems is reviewed, with a detailed discussion of their modulation strategies. 
Finally, based on the current state of research, the paper outlines existing challenges 
and proposes prospective directions for future development in the field. 

 Keywords: cascaded structure; integrated structure; matrix converter; multi-coil; 
wireless motor drive 

1. Introduction 

The rapid development of wireless power transfer (WPT) has accelerated its widespread use in various 
applications, such as electric transportation [1–3], biomedical implants [4–6], consumer electronics [7–9], 
industrial equipment [10–12], etc. Among these applications, electric vehicles (EVs) have attracted a great deal of 
attention. Static and dynamic wireless EV charging systems are commonly considered. In static charging, the 
battery is usually the terminal load for the WPT converter. However, in the dynamic scenario, the battery is 
primarily used as a medium of storage for the motor drive. Moreover, batteries may introduce additional losses, 
and the limitations of battery life and size will affect the system’s reliability and power density [3]. 

As a result, a wireless direct motor drive system for EVs has been proposed [13–17], where the battery is 
eliminated. In the rest of the paper, wireless motor drives (WMDs) refer to wireless direct motor drives, without 
being specific. Apart from EVs, wireless motor drives [18–54] have also been applied to other applications, such 
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as high-speed trains [29], piping networks [31,32], robotic arms [30,35], etc. Wireless motor drives can effectively 
address battery limitations and solve wire twist or slip ring friction problems. 

1.1. Wireless Power Transfer 

Obviously, the WPT technique is crucial for wireless motor drive systems. Several WPT methods have been 
developed [2], such as inductive power transfer (IPT), capacitive power transfer, optical power transfer, etc. 
Among these methods, IPT stands out for its high power and high efficiency properties, making it particularly 
suitable for wireless motor drive applications. As a result, existing research on wireless motor drives has centered 
around the IPT technique. This review also focuses on the IPT-based wireless motor drive systems. 

In wireless motor drive applications, there are basically rotating and sliding mechanisms [10]. Consequently, 
the magnetic couplers can also be classified as rotating [55–73] and sliding structures [74–87]. Typical rotating 
and sliding magnetic couplers are provided in Tables 1 and 2, respectively. 

Table 1. Typical rotating magnetic couplers. 

Structure Rotating Speed Coupling Ability Cost 
Face to face [56–58] Medium Low Low 

Coaxial [56,58] Low Medium Low 
Detached core [62,63] High High Medium 
Double stator [64,65] High High Medium 

LL [66,67] Medium Medium Low 
LL-delta [68] Medium High Medium 

Nested coil [59–61] Low Medium Medium 
Extended coil [69] Medium Medium Medium 

Three-phase [70–73] Low Medium High 

Table 2. Typical sliding magnetic couplers. 

Structure Rotating Speed Coupling Ability Cost 
U-shape [29,74,75] High Low Low 

W-shape [29] High Low Low 
I-shape [76] Medium Low Medium 
S-shape [77] Medium Low Medium 
N-shape [78] Medium Low Medium 

Mutiple D [79–81] Low Medium Medium 
Overlapped DD [82–84] High Medium High 

DDQ pads [87] High High High 

Due to the symmetric property of the rotating structure, the rotating movement has little effect on the coupler 
parameters [58]. However, the high-speed rotation imposes strict requirements on the coupler weight. Besides, the 
air gap in the magnetic couplers will limit the power transfer capability. As a result, existing research on rotating 
magnetic couplers primarily focuses on weight reduction and coupling improvement. 

In contrast, the sliding structure is more prone to parameter variations during movement. Without a battery 
for energy compensation, the power fluctuation in the system will be severe. This places a stricter requirement on 
misalignment tolerance for the sliding structure. A direct way to address this issue is to increase material use. 
However, the coupler weight and cost will correspondingly increase. Therefore, the challenge with the sliding 
coupler lies in achieving a trade-off between the cost and the anti-misalignment ability. 

Notably, both rotating and sliding magnetic couplers operate with a large air gap between their primary and 
secondary sides. To address the low coupling coefficient caused by the air gap, compensation networks are usually 
adopted in wireless power transfer systems. 

Primary-side parallel compensation topologies, such as parallel/series (P/S), parallel/parallel (P/P), and parallel-
series/series (PS/S) [88,89], require a current source input, which is not convenient in practice. Therefore, the primary-
side parallel compensation topologies are not highlighted in the paper. Besides, to maintain a focused exposition, we 
only discuss compensation topologies involving up to three additional passive components on each side. 

Commonly used compensation topologies are summarized in Table 3, where the design principle aims to 
simultaneously achieve the load-independent output and zero-phase angle properties. 

The load-independent output can be either a voltage or a current type. As shown in Figure 1, the load-
independent voltage (LIV) compensation includes series/parallel (S/P), series/series-parallel (S/SP), LCC/series 
(LCC/S), and series/LCC (S/LCC) [90–93]. The S/P compensation can be obtained by removing capacitor C2 from 
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the S/SP compensation. The S/LCC compensation is the symmetric form of LCC/S. Simpler structures such as 
LCL/S and S/LCL can be derived by removing C1 or C2 from LCC/S or S/LCC respectively. However, the 
inclusion of C1 or C2 allows for increased design flexibility and power transfer capability, so the LCC-based 
compensation is preferred. 

 

Figure 1. LIV compensation topologies. (a) S/SP; (b) LCC/S; (c) S/LCC; (d) Thevenin equivalent circuit. 

Table 3. Typical compensation topologies. 

LIV Design Principle 

S/P [90] ω0
2(LP −M2

LS
)CP = ω0

2LSCS = 1 

S/SP [91] ω0
2LσPCP = ω0

2LσSC2 = ω0
2n2LMCS = 1 

LCC/S [92] ቊω0
2L1CP = ω0

2LSCS = 1
ω0

2(LP − L1)C1 = 1
 

S/LCC [93] ቊω0
2LPCP = ω0

2L2CS = 1
ω0

2(LS − L2)C2 = 1
 

LIC Design Principle 

S/S [5,94,95] ω0
2LPCP = ω0

2LSCS = 1 

LCC/P [96] ቐ ω0
2L1CP = ω0

2LSCS = 1

ω0
2(LP − L1 −M2

LS
)C1 = 1

 

LCC/LCC [97] ቊ ω0
2L1CP = ω0

2L2CS = 1
ω0

2(LP−L1)C1 = ω0
2(LS − L2)C2 = 1

 

Although S/S compensation can also be designed with LIV properties, it cannot achieve a zero-phase angle in this 
case [5]. Therefore, S/S compensation is typically designed with load-independent current (LIC) properties [94,95]. 
Another commonly used LIC compensation is LCC/LCC [97], as shown in Figure 2b. Moreover, by removing L2 
and C2 from the LCC/LCC compensation, LCC/parallel (LCC/P) compensation can be obtained [96]. 
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Figure 2. LIC compensation topologies. (a) S/S; (b) LCC/LCC. 

1.2. Motor Drive 

Motor drive is another critical component in the system. For DC motors, various DC-DC converters can be 
employed as motor drives. Notably, the armature voltage does not require a constant DC value, and a square 
waveform can also be used. The motor speed can be controlled by adjusting the pulse width to regulate the average 
voltage. In such cases, the half-bridge and full-bridge structures are commonly used. 

Figure 3a illustrates a three-phase bridge topology, which is the predominant structure for AC motor drives. This 
structure supports both sinusoidal and trapezoidal back EMF excitation through appropriate modulation strategies. 

For high-power applications, each switch group in Figure 3a can be constructed using series-connected 
switching devices. However, the two-level output configuration offers little improvement for total harmonic 
distortion (THD). High-power operation also exacerbates electromagnetic interference (EMI) issues from 
increased dv/dt transients. To address these challenges, multilevel topologies, such as the neutral point piloted 
(NPP) [98], flying capacitor [99], neutral point clamped (NPC) [100], active neutral point clamped (ANPC) [101], 
cascaded H-bridge (CHB) [102], and modular multilevel converter (MMC) [103], can be considered. 

 

Figure 3. Basic motor drives. (a) Voltage source inverter; (b) current source inverter. 
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Besides the above voltage source inverters (VSIs), current source inverters (CSIs) are also effective solutions 
for motor drives [104], as shown in Figure 3b. Current source converters offer motor-friendly output waveforms 
and robust short-circuit protection, making them particularly suitable for high-power systems. A key difference 
between VSIs and CSIs lies in their input components: VSIs utilize a DC-link capacitor, while CSIs require an 
inductor to establish the current source. The structural difference necessitates switching devices with reverse 
blocking capability in CSIs. For high-frequency operation, series diode-IGBT or diode-MOSFET pairs are 
typically used [105], whereas low-frequency applications (below 500 Hz) commonly use symmetrical gate 
commutated thyristors (GCTs) [106]. In addition, the input inductors in CSIs constrain their dynamic performance. 
Similar to VSIs, the power rating of CSIs can be increased through series-connected GTC branches. 

Unlike other AC motors, switched reluctance motors (SRMs) generate torque independently of current polarity. 
This characteristic makes standard AC motor drives unsuitable, necessitating the development of specialized 
converter topologies for SRMs. These topologies are typically categorized into four groups based on the ratio of 
converter switches and motor phases (n): 2n-switch, 1.5n-switch, (n + 1)-switch, and n-switch structures [107]. For 
example, the asymmetric half-bridge converter is the most common 2n-switch topology [108]. The 1.5n-switch 
structure primarily relies on the shared-switch method [109]. The (n + 1)-switch structure can be implemented as 
either a shared switch converter [110] or a C-dump converter [111]. Finally, the n-switch structure is typically 
realized using an R-dump converter [112] or a split DC capacitor converter [113]. 

1.3. Wireless Motor Drive 

By applying wireless power transfer to motor drives, the wireless motor drive system can be realized, as 
shown in Figure 4. Both cascaded and integrated structures are feasible options for implementing such a system. 
In the cascaded structure, the IPT converter and the motor drive are separated by an inductance or capacitance 
filter. As discussed above, the IPT converter has either LIV or LIC properties [114,115]. Besides, the motor drive 
can be classified into VSI or CSI structures [106]. As a result, there are four potential combinations of an IPT 
converter and motor drive. Prior research has primarily focused on the LIV/VSI and LIC/VSI combinations. This 
review will also encompass the CSI-related combinations. Furthermore, a preliminary comparison among the four 
configurations will be conducted. 

In the integrated structure, the power supply and the motor control functions are merged, resulting in a single 
power stage and potentially higher efficiency than the cascaded structure. However, the system design will be 
more complex, and achieving superior motor performance than the cascaded structure can be challenging. 

 

Figure 4. Diagram of wireless motor drive system. 

As there are different motor types, such as DC motors [31–40], induction motors (IMs) [41–46], permanent-
magnet synchronous motors (PMSMs) [13–28], SRMs [47–52], etc., the integrated structure can also adopt various 
configurations. The integration can be realized by adding coupling coils or by increasing the number of 
semiconductor devices. If more coils are used, the derived structure can be seen as copper-based integration. 
Conversely, if more semiconductor devices are used, the derived structure can be treated as silicon-based 
integration. In the silicon-based integration, matrix converters are typically adopted to realize direct AC-AC 
conversion, replacing the conventional two-stage AC-DC-AC approach. As a general principle in power 
electronics, increasing the use of copper tends to enhance system robustness but reduce power density, whereas 
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expanding the use of semiconductors typically improves power density at the expense of robustness. These general 
trade-offs also apply to wireless motor drive systems. 

Typical parameters of representative wireless motor drive systems are summarized in Table 4. It is seen that 
existing research primarily focuses on the application of DC motors, PMSMs, and SRMs. For DC motors, the 
cascaded, multi-coil-based, and matrix converter-based structures are all applicable. For PMSMs, the cascaded 
and matrix converter-based structures are preferred. For SRMs, the multi-coil-based structure is the most 
commonly adopted. In terms of compensation topologies, S/S, LCC/S, and LCC/LCC are the most frequently used, 
with resonant frequencies normally ranging from 85 kHz to 150 kHz. Besides, most research has focused primarily 
on the unidirectional power flow scenario, with comparatively little work exploring bidirectional power flow. 
Regarding the transmission distance, existing systems typically operate at a distance of less than 20 cm, with many 
operating at a short distance of tens of millimeters. Within this distance range, the coupling coefficients of reported 
prototypes are generally between 0.1 and 0.3. Furthermore, the power levels in existing research are observed to 
be relatively low, mostly under several hundred watts. Additionally, the system efficiency is relatively low, 
generally below 90%. 

Table 4. Summary of typical wireless motor drive systems. 

Motor Ref. Structure Compensation 
Network 

Frequency 
(kHz) 

Bidi. 
Power a 

Transmission 
Distance k b Power Efficiency 

DC 

[31] Cascaded S/LCLCC 90,130 No 13 cm 0.10 200 W 83.5% 
[36] Cascaded LCCC/CCL 30,90 No 10 cm 0.15 180 W 90.0% 
[34] Multi-coil LCL/S 130,160 No 13 cm 0.12 180 W 85.0% 
[35] Multi-coil S/LCC 85 No 10 cm 0.15 160 W 88.7% 
[40] Matrix converter S/CP 200 No 60 mm 0.15 200 W 89.7% 

IM [42] c Multi-coil LCL/S 109,116 No 30 mm 0.20 110 W 86.2% 
[41] d Matrix converter S/P 40 No 15 cm 0.10 780 W NA 

PMSM 

[14] Cascaded S/S 85 Yes 10 cm 0.20 3.3 kW 88.8% e 
[18] Cascaded S/P 100 No 12 mm 0.52 NA <60% 
[20] Cascaded S/S 100 No 50 mm 0.23 300 W 85.4% 
[22] Cascaded LCC/LCC 85 Yes 70 mm 0.24 400 W 80.0% 
[25] Multi-coil S/S 89,137 No 24 mm 0.21 40 W 83.0% 
[26] Multi-coil S/S 100,150 No 90 mm 0.20 157 W 84.3% 
[27] Matrix converter LCC/LCC 85 Yes 10 cm 0.57 1 kW 92.5% f 
[28] Matrix converter S/S 85 Yes 10 cm 0.26 600 W 93.3% 

SRM 

[47] Cascaded LCC/S 85 No 10 cm 0.18 200 W 82.0% 
[49] Multi-coil LCC/S 90,110,130 No 15 cm 0.13 NA 80.0% 
[50] Multi-coil S/S 100 No 20 cm 0.08 134 W 89.1% 
[52] Multi-coil LCC/S 85,100,115 No NA 0.22 120 W 83.6% 

Step motor [53] Multi-coil LCL/S 85 No 50 mm 0.31 NA 87.5% 
BLDC g [54] Multi-coil S/S 299-359 No 20 mm 0.25 134 W 80.2% 

a. Bidirectional power flow; b. coupling coefficient; c. shaded pole induction motor; d. single-phase induction motor; e. VSI 
efficiency is not included; f. resonant tank efficiency is not included; g. brushless DC motor. 

Overall, given the diverse applications of wireless motor drives, system parameters such as switching 
frequency, transmission distance, and power level vary significantly across existing prototypes to meet different 
operating requirements. Besides, the performance of existing wireless motor drive systems remains limited, 
particularly in terms of power level and efficiency. Research on wireless motor drives is still in a relatively early 
stage, with many challenges lying ahead. To support further progress in this field, this paper provides a 
comprehensive review of the research area, aiming to clarify key challenges and suggest promising directions for 
future investigation. This paper is structured around different system architectures, with the remaining sections 
outlined below. Section 2 presents the structure and operation of cascaded WMD systems. Section 3 reviews multi-
coil-based WMD systems. Section 4 discusses matrix converter-based systems. Section 5 outlines prospective 
research directions. Finally, Section 6 provides a summary of the paper. 

2. Cascaded Structure 

2.1. System Structure 

This section will concentrate on the cascaded circuit structure, which consists of the IPT converter as the 
front-end stage and the motor drive inverter as the back-end stage [13–22,46,47]. 

The IPT converter and the motor drive are separated by inductance or capacitance filters. Notably, the 
decoupled filters vary with the secondary-side compensation topologies. As shown in Figure 5, when series 
compensation is used on the secondary side, a capacitance filter is necessary. Otherwise, the series compensation 
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component will be ineffective due to the current clamping by the inductance filter. Conversely, when applying 
parallel compensation on the secondary side, an inductance filter is required to prevent voltage clamping of the 
parallel compensation component. 

 

Figure 5. VSI-based wireless motor drive. (a) Series compensation on the secondary side. (b) parallel compensation 
on the secondary side. 

Similar to IPT converters, motor drives also exhibit voltage and current properties. As shown in Figure 5, the 
VSI motor drive operates with a voltage source, thus requiring a capacitance filter. On the contrary, as shown in 
Figure 6, the CSI motor drive relies on a current source input, necessitating an inductance filter. Besides, to 
maintain an explicit current vector basis and prevent reverse current in the input inductance, a diode should be 
added in series with each switching device. Moreover, a three-phase capacitance filter is necessary between the 
inverter and the motor due to the square waveform of the output current. Despite being more complex than the 
VSI motor drive, the CSI motor drive could effectively avoid shoot-through issues, making it suitable for high-
power applications. 

It is worth noting that the filters in the IPT converter’s output or motor drive’s input also serve as storage 
components. Therefore, these filters typically have a large volume and often adopt electrolytic capacitors. However, 
the three-phase capacitance filter targets high-frequency harmonics. Thus, the required capacitance is not 
significant, and highly reliable film capacitors can be used. 

Based on the above analysis, employing the VSI motor drive allows us to obtain the LIV/VSI [17–19,47] and 
LIC/VSI [13–16,20–22,46] structures. Meanwhile, using the CSI motor drive results in the LIV/CSI and LIC/CSI 
structures. The following discussion will explore the various combinations of IPT converters and motor drives. 
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Figure 6. CSI-based wireless motor drive with unidirectional power flow. (a) Series compensation on the secondary 
side. (b) parallel compensation on the secondary side. 

2.1.1. LIV/VSI Structure 

The LIV/VSI structure is shown in Figure 5, with the primary side and resonant tank omitted for brevity. 
When employing series compensation on the secondary side, a capacitance filter needs to be used as the decoupling 
component between the IPT converter and the motor drive. On the other hand, secondary-side parallel 
compensation necessitates the use of an LC filter. 

As mentioned before, the misalignment effect is not severe in rotating applications, making it easy to achieve 
a stable bus voltage with the LIV property. Also, the motor drive inverter can typically tolerate some variation in 
the bus voltage. As a result, high-frequency wireless communication can be saved. Nevertheless, normal wireless 
communication remains necessary for command setting or state monitoring, which can be easily realized without 
requiring a high transmission rate. 

For sliding applications, the LIV property of the IPT converter may be lost. The coupler’s misalignment 
ability determines whether high-frequency wireless communication is necessary. If the bus voltage can meet the 
requirements despite various misalignment positions, high-frequency wireless communication can be saved. 
Otherwise, high-frequency wireless communication needs to be used. 

Furthermore, in the case of unidirectional power flow, only the diode rectifier (D5–D8) is required. For 
bidirectional power flow, the diode rectifier has to be replaced with an active rectifier (Q5–Q8). It is noted that 
more attention needs to be paid to the bidirectional LIV/VSI structure. 

First, implementing the dual-bridge control [94,95] becomes challenging when series compensation is used 
on the secondary side, as shown in Figure 5a. Applying Thevenin’s theorem, the LIV compensation can be 
simplified as a voltage source (vop) and parasitic impedance (Req, Xeq). As the capacitance filter is used, the 
secondary side is modeled with a voltage source (v2), as shown in Figure 1d. 

For brevity, only the fundamental harmonic components are considered. Assuming Vሶ 1 as the reference and 
a phase difference of θ between Vሶ 1  and Vሶ 2 , we obtain Vሶ 1 = Vሶ 2  and Vሶ 2 = V2∠θ , where V1 and V2 are the 
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amplitudes of Vሶ 1 and Vሶ 2 respectively. Then the input current is given by Iሶ1 = (Vሶ 1  −  Vሶ 2) / (Req + jXeq) and the 
amplitude is derived as 

I1 = ඨ(V1  −  V2)2 + 2V1V2(1 −  cos θ )
Req

2  + Xeq
2 . (1)

Around the LIV point, the parasitic parameter Req
2  + Xeq

2  is very small. As shown in (1), to prevent a large current, 
both the primary and secondary voltages must have nearly identical amplitudes and phase differences, specifically  
V1 ≈ V2, θ ≈ 0. Besides, switching frequencies of Vሶ 1 and Vሶ 2 must be kept close to avoid an increase in θ. 

In practical applications, achieving the above limitations on Vሶ 1 and Vሶ 2 is challenging. Consequently, dual 
bridge control may result in significant current flow within the system. In this case, the active rectifier needs to 
operate as a diode rectifier, relying on the body diodes that typically have a large voltage drop. The increased 
voltage drop will cause higher losses in the system. 

If secondary parallel compensation is used in the bidirectional power flow application, as shown in Figure 5b, 
the situation of two voltage sources in parallel can be avoided due to the inductance filter. However, implementing 
this configuration remains challenging due to the current spike problem [116]. 

Ideally, the current spike can be mitigated if the secondary-side voltage v2 and current i2 are perfectly aligned. 
However, there is always a difference between v2 and i2 due to control delays and overlap time. As an example, 
consider the scenario where v2 leads i2 as shown in Figure 7b. During the commutation intervals [t1, t2] or [t3, t4], 
the parallel capacitor CS will get shorted by the upper or lower devices, leading to a surge current in the shorted 
loop. Similar to the CSI motor drive, adding a diode in series with each switching device can prevent the current 
spike. However, to ensure bidirectional power flow, the additional diodes have to be replaced with switching 
devices, leading to a significant increase in system cost and control complexity. 

 

Figure 7. Current spikes in the active rectifier with inductance filter. (a) v2 aligns with i2; (b) v2 leads i2. 

2.1.2. LIC/VSI Structure 

The LIC/VSI structure is similar to the LIV/VSI structure, as shown in Figure 5. However, in the LIC/VSI 
structure, the bus voltage is highly sensitive to load changes due to its current output characteristic. Therefore, 
high-frequency wireless communication is typically required, even for rotating applications. Besides, as the current 
property circuit is controlled to maintain a constant voltage, the dynamic performance of the LIC/VSI structure is 
inferior to that of the LIV/VSI structure [18]. 

Nevertheless, the LIC/VSI structure has an advantage in bidirectional power flow applications. When 
employing series compensation on the secondary side, the system can be represented by a parallel arrangement of 
a current source and a voltage source, which is easier to be realized [22]. Unfortunately, when parallel 
compensation is used on the secondary side, the system also finds it hard to operate effectively due to the current 
spike problem. 

2.1.3. LIV/CSI Structure 

The LIV/CSI structure is shown in Figure 6. For secondary-side series compensation, a CL filter has to be 
used as the decoupling component. Meanwhile, secondary-side parallel compensation requires the use of an LCL 
filter. Moreover, it is possible to simplify the LCL filter with an inductance filter, as only the DC bus current is 
desired [106]. 
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As discussed above, a stable bus voltage can be easily obtained with the LIV-type IPT converter for rotating 
movement applications. Then a current source can be obtained by adding an inductance [117]. For a limited load 
variation, high-frequency wireless communication can also be saved. Nevertheless, the inductance typically needs 
to be very large to achieve the desired current source property, increasing the system volume and deteriorating the 
dynamic performance. For sliding movement applications, high-frequency wireless communication is normally 
inevitable to mitigate the misalignment effect and maintain a stable bus current. 

As shown in Figure 8, to enable bidirectional power flow, like the VSI-based structure, the diode rectifier 
(D5–D8) needs to be replaced with an active rectifier (Q5–Q8). Moreover, the block diodes (D11–D16) in the CSI 
motor drive should also be substituted with switching devices (S11–S16). It is observed that the CSI motor drive 
becomes a single-phase to three-phase matrix converter. Obviously, the CSI-based bidirectional wireless motor 
drive system is much more complex than the VSI-based system. Furthermore, achieving bidirectional power flow 
in the LIV/CSI configuration is also challenging due to limitations imposed by either parallel voltage sources or 
current spikes. 

 

Figure 8. CSI-based wireless motor drive with bidirectional power flow. (a) Series compensation on the secondary 
side. (b) parallel compensation on the secondary side. 

2.1.4. LIC/CSI Structure 

The LIC/CSI structure is similar to the LIV/CSI structure except for the resonant tank. Due to the current 
compatibility between the IPT converter and the motor drive, high-frequency wireless communication can be 
saved in rotating movement applications. Whether to use high-frequency wireless communication in sliding 
movement applications, similar to the LIV/VSI structure, depends on the coupler’s misalignment ability. Notably, 
compared to the LIV/CSI structure, the LIC/CSI configuration allows for a significant reduction in the inductance 
filter size due to the IPT converter’s current property. 
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Regarding bidirectional power applications, like the LIC/VSI structure, the LIC/CSI configuration can 
operate effectively with the structure shown in Figure 8a when series compensation is used on the secondary side. 
However, if parallel compensation is used on the secondary side, as shown in Figure 8b, the LIC/CSI system will 
experience current spikes. 

2.1.5. Discussion 

The four typical cascaded structures described above are summarized in Table 5. The high-frequency wireless 
communication mentioned in the table is specifically for the rotating movement application, as it is usually 
necessary for all structures in the sliding movement application. 

Table 5. Summary of cascaded structures. 

Topology Secondary 
Compensation Filter Wireless 

Communication Bidirectional Power 

LIV/VSI [17–19] Series C No Yes 
Parallel LC No No 

LIC/VSI [13–16,20–22,46] Series C Yes Yes 
Parallel LC Yes No 

LIV/CSI Series CL No Yes 
Parallel L No No 

LIC/CSI Series CL No Yes 
Parallel L No No 

LIV: load-independent voltage; LIC: load-independent current; VSI: voltage source inverter; CSI: current source inverter. 

It is observed that high-frequency wireless communication can be saved when the IPT converter output 
matches the motor drive type. Besides, it is not advisable to employ parallel compensation on the secondary side 
for bidirectional power flow applications. Although using series compensation on the secondary side in an LIV-
based system allows for bidirectional power flow, it will lead to increased rectifier losses. Moreover, if the CSI 
motor drive is used for the back-end stage, it is preferable to use LIC compensation regardless of whether the 
power flow is unidirectional or bidirectional. 

2.2. System Operation 

The control objective of a cascaded structure is to maintain a stable secondary DC-link voltage (or stable 
current in CSI-based structures), which can be implemented on the secondary side using an active rectifier [13,14] 
through hysteresis control. By controlling the active rectifier’s switching states, the system alternates between two 
operational modes: Mode 1 (rectifier mode), in which power is supplied to the load, and Mode 2 (short-circuit 
mode), where the secondary coil is short-circuited, and power delivery to the load is interrupted. A hysteresis 
comparator continuously compares the actual value with its reference value. Based on this comparison, the system 
switches between these two modes to regulate and stabilize the secondary DC-link voltage. 

Meanwhile, the primary-side DC-link voltage is dynamically adjusted in response to load demand to 
guarantee sufficient power transmission [14,15]. Motor speed and torque references are transmitted from the 
secondary to the primary side via wireless communication, allowing for the calculation of the motor’s required 
power through online loss prediction. Using this estimated power along with known coil parameters, the required 
primary-side voltage is derived. This value serves as the reference for the primary PFC converter, which in turn 
regulates the primary inverter output. This feedforward approach can effectively mitigate voltage drops resulting 
from insufficient power transmission. 

Moreover, the maximum power efficiency tracking (MPET) scheme can be used to enhance system 
efficiency [18]. This scheme dynamically adjusts the secondary DC-link voltage using a perturbation and 
observation method, while simultaneously monitoring the corresponding input power to identify the optimal 
operating point. A key advantage of this approach is that it operates without an additional DC/DC converter, 
thereby reducing system cost and physical size. 

Furthermore, to eliminate the need for wireless communication, secondary-side control methods can be 
used [17,38]. In this approach, the primary-side inverter operates with fixed-frequency and duty-cycle signals, 
while motor control is handled entirely by the secondary-side converter. The challenge then lies in maintaining a 
stable secondary side DC-link voltage. Since no wireless communication is used, a stable DC-link voltage is 
normally guaranteed during the design phase by accounting for all expected load and misalignment ranges. 
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Meanwhile, as the primary-side inverter does not need to implement the phase-shift or pulse-width 
modulation (PWM), soft switching can be achieved across a wide operating range [17,38]. Additionally, a stable 
DC-link voltage does not imply that the voltage is constant. Indeed, the voltage can vary between defined upper 
and lower limits, which are determined by the motor drive voltage level and isolation requirements. The variable 
DC-link voltage can be employed to optimize overall system efficiency during the design process [17,21,22]. 

3. Multi-Coil-Based Structure 

In the cascaded structure, the front-end and back-end stages can be designed separately, providing better 
design flexibility. However, this approach results in an increased power conversion stage. To reduce the conversion 
loss and improve the system efficiency, several integrated wireless motor drive structures have been proposed. 
This section will focus on multi-coil-based integrated wireless motor drive systems. 

3.1. System Structure 

To reduce the power conversion stages, it is desirable for the IPT converter to directly connect to the motor 
winding. For DC motors [33–36], a direct connection is feasible. However, due to the unidirectional property of the 
diode, the motor cannot rotate in both directions. As a result, the multi-coil method is applied, as shown in Figure 9a. 
In this structure, each channel is used to control the motor for one rotating direction [34], then the bidirectional 
rotation can be achieved. Besides, as shown in Figure 9b, the multi-coil structure can also be used to provide auxiliary 
power for the motor’s exciting winding [33], eliminating extra power supplies on the secondary side. 

 

Figure 9. Multi-coil-based integrated wireless DC motor drive. (a) Bidirectional rotation; (b) auxiliary power for 
excitation. 

Since AC motors typically consist of multiple windings, separate receiver channels are required. Then, the 
magnetic coupler needs to be built with multiple coils. Besides, the IPT converter typically supplies only DC power. 
Hence, the multi-channel method is commonly employed for motors requiring square current excitation, such as 
SRMs [48–52], step motors [53], brushless DC motors [54], etc. Although the multi-channel arrangement can also be 
applied to motors with sinusoidal current excitation, like the open-winding PMSM [26], each channel requires an 
additional circuit for wave shaping. As a result, the system cost and complexity will significantly increase. 
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Figure 10 provides typical multi-coil structures for SRMs. To control the motor rotation, different switching 
frequencies are selected based on the rotor position. Then each motor winding can be excited sequentially. Figure 10a 
shows a primary three-coil structure [50]. A three-phase voltage source inverter is used, which actually operates 
as three half-bridge inverters for the three channels. To increase the power level, three full-bridge inverters should 
also be used [26]. 

However, the primary multi-coil structure requires an increase in coil and ferrite use, leading to a more 
substantial cost increase, particularly as the number of channels increases. To balance the system performance and 
the cost, the switched capacitor can be used on the primary side [52,118], as shown in Figure 10b. In this structure, 
the capacitor array is adjusted through the semiconductor devices to make the primary side be in resonant states 
for different frequencies. The operation principles will be explained in the following part. 

 

Figure 10. Multi-coil-based integrated wireless SRM motor drive systems. (a) Multiple primary-side compensation; 
(b) switched capacitor. 

3.2. System Operation 

In the multi-coil-based structure, each IPT channel needs to be controlled independently to obtain optimal 
motor performance. The multi-frequency technique is widely used for this purpose. A simple implementation of 
the multi-frequency method [34,119] is shown in Figure 11a, using two channels as an example. 

Referring to Figure 11a, there is one coil on the primary side and two coils on the secondary side. To realize 
decoupled power transfer, it is essential to design two receivers with distinct resonant frequencies. Assuming that 
the resonant frequencies for channel 1 and channel 2 are f1 (or ω1) and f2 (or ω2) respectively, we can obtain 
ω1

2LS1CS1 = 1 and ω2
2LS2CS2 = 1. Based on the parameters provided in [48], the transconductance curves (iS1/vP, 

iS2/vP) are plotted in Figure 12a. It is seen that iS1 is much larger than iS2 at frequency f1 = 110 kHz, while iS2 is 
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much larger than iS1 at frequency f2 = 130 kHz. Therefore, by changing the switching frequency between f1 and f2, 
it is feasible to independently control channels 1 and 2. 

 

Figure 11. Multi-frequency resonant networks. (a) Single primary-side compensation; (b) multiple primary-side 
compensation; (c) switched capacitor; (d) LC pair to eliminate cross coupling. 

Note that the primary side is typically designed to realize power equalization between channels 1 and 2 [49]. 
Thus, it does not operate at resonant points, i.e., ω1

2LPCP ≠ 0 and ω2
2LPCP ≠ 0. As a result, the system cannot 

achieve the LIV property and optimal efficiency. 
An alternative approach is to use two coils on the primary side [51,120], as shown in Figure 11b. This 

configuration enables the complete independent design of different channels, i.e., ቊω1
2LP1CP1 = ω1

2LS1CS1 = 1
ω2

2LP2CP2 = ω2
2LS2CS2 = 1.

 (2)

The resulted transconductance curves are shown in Figure 12b. It is seen that the LIC property can be 
achieved. Besides, the coupled current components can be further suppressed. 

For the switched capacitor structure, as shown in Figure 11c, the switching frequency needs to satisfy ቊ ω1
2LP1CP1 = ω1

2LS1CS1 = 1
ω2

2LP2(CP1 + CP2) = ω2
2LS2CS2 = 1.

 (3) 

In this case, the system can achieve comparable performance to that of the multiple primary-side 
compensation structure. 

Notably, the above discussions all ignore the cross coupling between the magnetic couplers. Otherwise, there 
will also be severe coupling between the outputs of each channel. The cross coupling of the magnetic couplers can 
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be eliminated through both coupler design and circuit design. In terms of coupler design, the basic idea is to use 
the overlap structure of DD coils and D coils [50]. By canceling out the bipolar and unipolar magnetic fields of 
the two coils, the cross coupling can be mitigated. 

 

Figure 12. Transconductance of multi-frequency resonant networks. (a) Single primary-side compensation. (b) 
multiple primary-side compensation or switched capacitor. 

For the circuit design, a commonly used method is to incorporate an LC parallel branch in series with each 
secondary coil [121,122], as shown in Figure 11d. In channel 1, the LC branch is designed to resonate at f2, creating 
an open circuit of f2 current, namely ω2

2Lf1Cf1 = 1. Similarly, in channel 2, the LC branch needs to resonate at f1 
to block f1 current, i.e., ω1

2Lf2Cf2 = 1. 
Moreover, the additional LC branch should not affect the circuit’s original property. Then we need to design 

each secondary channel in resonance for all LC components, for example, 

⎩⎨
⎧ jω1LS1 + 1

jω1CS1
 + (jω1Lf1|| 1

jω1Cf1
) = 0

jω2LS2 + 1
jω2CS2

 + (jω2Lf2|| 1
jω2Cf2

) = 0.
 (4) 

Based on the above analysis, the multi-coil-based structure substantially increases the number of passive 
components, such as coupler coils, inductors, and capacitors. As the number of channels increases, the required 
additional passive components will increase more significantly, particularly due to the extra decoupled LC 
branches. Therefore, this structure offers limited potential for improving system power density. 
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4. Matrix Converter-Based Structure 

4.1. System Structure 

In contrast to multi-coil-based integration, which directly connects motor windings to the IPT converter and 
employs multiple coils for motor control, matrix converter-based integration merges the rectifier and motor drive 
into a single unit. As shown in Figure 13, depending on the motor phases, the matrix converters are implemented 
as either single-phase [41,123–126] or three-phase [27,127–133] structures. Notably, unlike the DC power required 
for battery charging, the single-phase matrix converter supplies AC power to motor loads. 

 

Figure 13. Matrix converters for wireless motor drive systems. (a) Single-phase half-bridge structure; (b) single-
phase full-bridge structure; (c) three-phase half-wave structure; (d) three-phase bridge structure; (e) three-phase 
simplified bridge structure. 

As shown in Figure 13a,b, single-phase matrix converters are further divided into half-bridge [41,123] and full-
bridge structures [124–126], respectively. As shown in Figure 13c,d, three-phase matrix converters are primarily 
implemented in two forms: three-phase half-wave [127,128] and three-phase bridge structures [27,129–132], 
respectively. The half-wave structure is designed for three-phase four-wire connections, whereas the bridge 
structure is intended for three-phase three-wire connections. While the bridge structure provides higher voltage 
utilization and reduced voltage ripple compared to the half-wave structure, it necessitates a greater number of 
switching devices. As shown in Figure 13e, a simplified structure employing reverse-connected MOSFETs and 
diodes in place of common-source connected MOSFETs can reduce the number of switching devices [133]. This 
simplified structure, however, permits only unidirectional current flow and transfers solely positive voltage to the 
resonant tank. Such constraints increase the susceptibility to over-voltage damage and reduce the system’s power 
capacity. Alternative matrix converters, such as indirect and sparse structures [134,135], are omitted here, as they 
have not yet been implemented in WPT systems and represent a direction for future research. 

Applying matrix converters to wireless motor drive systems facilitates integrated structures that directly 
convert the high-frequency power from the resonant tank to the low-frequency power required by the motor, and 
vice versa for grid input. Figure 14a,b illustrate typical matrix converter-based integrated examples for single-
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phase and three-phase AC motors [27,41], respectively. A higher level of integration can be achieved by also 
employing a matrix converter on the primary side [28,136], as shown in Figure 14c. 

 

Figure 14. Matrix converter-based integrated wireless motor drive system. (a) Single-phase structure; (b) three-
phase structure; (c) dual matrix converter-based structure. 

It is worth noting that the required compensation networks depend on the filter type. Consider a single-phase 
matrix converter on the primary side as an example. In the buck-type configuration shown in Figure 15a, where a 
capacitor is placed ahead of the matrix converter, a series compensation element (either CP or L1) is required after 
the matrix converter [137]. The structures shown in Figure 14b,c both fall into this category. Alternatively, a boost-
type configuration with an inductor placed close to the matrix converter, as shown in Figures 14a or 15b [138], can 
also be used. In this case, a parallel compensation element (CP) is required after the matrix converter. As discussed 
above, parallel compensation is generally avoided in active bridge structures because it necessitates extra 
inductance and can induce current spikes. Interestingly, boost-type matrix converter-based WMD systems offer a 
promising application for the parallel compensation topologies. 

 

Figure 15. Compensation networks for matrix converter-based integrated wireless motor drive system. (a) Series 
compensation; (b) parallel compensation. 
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4.2. System Operation 

The matrix converter-based integrated wireless motor drive system primarily operates with the pulse density 
modulation (PDM) [39,40,123,126,133] and the space vector modulation (SVM) [27,28,129–132]. In PDM, the 
system alternates between energy injection and free oscillation modes. Output power is regulated by adjusting the 
number of switching pulses to control the energy injected into the resonant tank. This method offers the advantages 
of zero current switching (ZCS) and reduced switching times. Nevertheless, conventional PDM focuses solely on 
output regulation and neglects the total harmonic distortion (THD) of the grid or motor current. An improved 
approach to address this limitation is the use of delta-sigma modulation [39,40]. 

The diagram of delta-sigma modulation is shown in Figure 16a, using the grid-side application as an 
illustrative example. The reference signals (vref_u,v,w) share the same envelope as the grid input. The differences 
(delta signals, Δu,v,w ) between reference signals and comparator feedback signals (vco_u,v,w

’  ) are integrated to 
produce the sigma signals (Σu,v,w). By comparing the sigma signals against threshold values and cross-comparing 
them among phases, the pulse signals (vco_u,v,w) can be generated. These pulses are then converted into gate drive 
signals through logic processing. As shown in Figure 16b, the fundamental principle of delta sigma modulation is 
to vary the pulse density to track the reference envelope: higher reference amplitudes produce higher pulse 
densities, and vice versa. This characteristic enables superior THD performance compared to conventional 
methods. Furthermore, the overall pulse density is determined by the modulation index, ensuring that the output 
power remains controllable. 

 

Figure 16. Delta-sigma modulation. (a) Diagram; (b) operating principle. 
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Besides pulse density modulation, pulse width modulation offers an alternative method for the matrix 
converter-based wireless motor drive system. The phase shift method, for instance, has been investigated for this 
purpose [124,128]. However, like conventional PDM, this method offers only output control and usually results 
in poor THD. Consequently, SVM is the more widely adopted solution. 

The SVM technique of the matrix converter is similar to that of the CSI motor drive [106], with both 
employing a six-sector period. A key distinction lies in the reference vector direction. As shown in Figure 17a, the 
CSI motor drive operates with a DC current and uses a single set of basic vectors shown in Figure 18a. In contrast, 
as shown in Figure 17b, the matrix converter handles an AC resonant current and therefore requires two 
complementary sets of basic vectors—one for the positive half-cycle and another for the negative half-cycle, 
corresponding to Figure 18a,b, respectively. 

 

Figure 17. Comparison between CSI and matrix converter-based system. (a) CSI; (b) matrix converter-based system. 

A further distinction from the conventional CSI drive is that, in the matrix converter-based system, the AC 
reference vectors exhibit a phase shift between the resonant voltage and current. Moreover, the time-varying 
amplitude of these AC vectors within a switching period requires a modified dwell time calculation approach. 

The phase shift effect in matrix converter-based wireless motor drives is fundamentally caused by reactive 
power in the resonant tank [131]. As shown in Figure 19a, conventional half-wave symmetric waveforms fail to 
cancel reactive power components Q12 and Q45. To solve this problem, the period-flip method shown in Figure 19b 
inverts the waveforms in alternating switching periods [131], allowing reactive power components Q12 and Q67 to 
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cancel out. Then the phase shift effect caused by component tolerance, load variation, and misalignment can be 
mitigated. Other techniques, such as using antisymmetric waveforms [28,132], operate on the same principle and 
provide similar benefits. 

 

Figure 18. Modulation vectors. (a) Positive vectors; (b) negative vectors. 

The other challenge is calculating dwell time. For the system shown in Figure 17 under consideration, the 
dwell time of basic vectors during a switching period is 

⎩⎪⎨
⎪⎧T1 = 

Ig

i1
Ts cos [ θ− π3 (N − 2)]

T2 = 
Ig

i1
Ts cos ( θ− π3 N)

T0 = Ts − T1 − T2.

 (5) 

where Ig is the synthesized current, i1 is the converter output current, and N is the fan sector. For the CSI motor 
drive, the dwell time is obtained by substituting Io for i1 in (5). As Io is stable in the CSI motor drive, the resulting 
synthesized waveform normally yields good THD performance. In the matrix converter, however, the continuous 
variation of i1 throughout the switching period makes precise real-time determination of dwell time difficult. A 
common practice is to approximate i1 with its RMS or peak value for calculation [27]. However, this approximation 
introduces significant errors, resulting in substantial harmonics in the grid or motor winding current. 

 

Figure 19. SVM waveforms. (a) half-wave symmetric waveforms; (b) period flip waveforms. 

To improve the precision of the dwell time calculation, the area equivalent principle is also applied to SVM 
in each switching period. Referring to the denotation in Figure 19, the dwell time relationship of the matrix 
converter-based system can be obtained as 
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൜cos (ωsd1Ts) −  cos (ωsd0Ts) = 2m cos ( θ− 2π/3)
cos (ωsd2Ts) −  cos (ωsd1Ts) = 2m cos ( θ + 2π/3). (6) 

For the half-wave symmetric modulation, it lacks an additional equation to solve d0, d1, and d2, so 
approximation methods [131,132] are usually required. For the periodic flip or antisymmetric modulation, the 
relationship T01 = T02 is satisfied [28], so the accurate expression of the dwell time can be obtained. 

5. Discussion and Future Perspective 

5.1. Discussion 

Table 6 presents a comparison of various wireless motor drive structures. When comparing multi-coil-based 
integrated structures with matrix converter-based structures, it is evident that multi-coil-based structures are easier 
to implement and offer better robustness due to the extensive use of passive components. However, this advantage 
comes at the cost of larger size and weight. Besides, the multi-coil configuration restricts bidirectional power flow 
in the system. Moreover, misalignment will exacerbate the cross-coupling and power imbalance problems. 
Therefore, multi-coil-based structures exhibit poor tolerance to misalignment. 

Due to semiconductor device limitations, matrix converter-based structures are more fragile than multi-coil-
based structures. The increased use of switching devices also complicates the control and modulation strategies of 
matrix converter-based structures. Besides, since there are no electrolytic capacitors on the motor side, 
misalignment can directly affect the motor’s performance, leading to poor misalignment tolerance. Nevertheless, 
this structure enables easy realization of bidirectional power flow and allows for significant reductions in system 
volume and weight. In fact, the concept of using semiconductor devices to replace passive components has been 
popular in power electronics. In addition to matrix converters, the active capacitor [139,140] and the solid-state 
transformer [141,142] have also drawn growing attention. Given the development trend, conducting further 
research on matrix converter-based integrated structures remains highly justified. 

Compared to the integrated structure, the cascaded structure offers greater compatibility with different motors 
and improved misalignment tolerance due to the decoupled filter components. Moreover, the cascaded structure 
allows for direct application of conventional motor control methods, resulting in better motor performance than 
integrated structures. However, it is noted that the multi-stage power conversion will introduce extra losses, and 
the bulk decoupled filters will impact the system’s power density. Based on existing research and issues, some 
future research perspectives are outlined below. 

Table 6. Cascaded and Integrated Structures. 

Structure Cascaded 
[13–22,46,47] 

Multi-Coil 
[25,26,33–36,48–54] 

Matrix Converter 
[27,28,39–41] 

Bidirectional power flow Yes No Yes 
Misalignment tolerance Good Bad Bad 

Motor performance Good Bad Bad 
Robustness Medium High Low 

Volume Medium Large Small 

Challenges 
 Low power density 
 Multi-stage power conversion 
 Wireless communication 

 Low power density 
 Unidirectional power flow 
 Poor misalignment tolerance 
 Limited motor compatibility 
 Wireless communication 

 Low reliability 
 Complex control and modulation 
 Poor misalignment tolerance 
 Wireless communication 

5.2. Future Perspective 

5.2.1. Cascaded Wireless Motor Drive System Based on the CSI Configuration  

As discussed above, the WPT converter can be categorized as either LIV or LIC types. Meanwhile, the motor 
drive can adopt either VSI or CSI configurations. Then, we obtain four possible configurations: LIV/VSI, LIV/CSI, 
LIC/VSI, and LIC/CSI. While existing research has explored the LIV/VSI and LIC/VSI structures, the 
performance of the LIV/CSI and LIC/CSI structures remains unexamined. Therefore, it is necessary to conduct an 
in-depth study of both LIC/VSI and LIC/CSI structures. Furthermore, a comprehensive comparison among all four 
cascaded configurations would provide valuable guidance for topology selection in practical applications. 

5.2.2. Bidirectional Power Flow for the Wireless Motor Drive System 

Previous studies have primarily focused on unidirectional power flow from the power source to the motor. 
However, bidirectional power flow is essential for braking energy recovery. In multi-coil-based structures, the 
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presence of diode bridges and cross-coupling between the coupler coils makes it challenging to realize 
bidirectional power flow. 

In contrast, for cascaded structures employing LIC compensation topologies, such as S/S and LCC/LCC, 
which are typically symmetric, bidirectional power flow is easier to achieve. However, the CSI motor drive has to 
be replaced with a matrix converter. As an active rectifier also has to be used on the secondary side, the system 
cost will increase significantly. Conversely, LIV compensation topologies, such as S/P and LCC/S, are generally 
asymmetric, complicating the bidirectional flow control. Therefore, either an optimized circuit configuration or a 
bidirectional power control strategy is essential for the cascaded wireless motor drive system. 

For matrix converter-based wireless motor drive systems, the symmetric configuration makes them 
particularly suitable for bidirectional power flow applications. Nevertheless, the lack of effective modulation 
strategies remains a limitation for the further development of this structure. 

5.2.3. Advanced Modulation Strategy for the Matrix Converter-Based Wireless Motor Drive System 

Delta-sigma modulation and SVM strategies have been studied for the matrix converter-based wireless motor 
drive system [28,39,40,131,132]. While the delta-sigma modulation offers reduced switching times and device 
stresses, no effective method has been proposed to eliminate the phase shift effect on the THD performance. The 
improved SVM can mitigate phase shift effects and achieve better THD results, but it results in higher switching 
stresses. Besides, both modulation strategies are highly dependent on the waveform quality of the resonant current. 
For example, a significant increase in harmonics within the resonant tank can lead to severely poor THD results 
on the low-frequency AC side. Moreover, the effects of misalignment and wireless communication have not been 
addressed in existing studies. In view of these limitations, modulation strategies should also be further improved 
for the matrix converter-based wireless motor drive system. 

Besides, implementing motor control and modulation requires high computational ability. Reducing 
computational complexity while maintaining high control performance remains an important research direction. 
Therefore, implementing advanced control and modulation algorithms on practical hardware platforms, such as 
digital signal processors (DSPs), field-programmable gate arrays (FPGAs), and other embedded controllers, 
requires further investigation to ensure sufficient processing capability and real-time execution. 

5.2.4. Wireless Integrated Modular Motor Drive (IMMD) 

Following circuit-level integration, mechanical-level integration should be considered. Similar to 
conventional IMMD systems [143,144], where the motor, control unit, communication module, and protection 
circuits are combined into a single compact package, the wireless IMMD system also integrates the motor and its 
associated electronics. This configuration significantly reduces the overall system size by enabling shared cooling 
between the motor and drive. 

However, housing both the motor and drive within a single enclosure introduces several technical challenges. 
For example, the power electronics must be carefully designed to withstand the harsh thermal and vibrational 
conditions generated by the motor’s operation. Consequently, thermal management becomes a critical 
consideration in IMMD systems. 

Furthermore, the receiver coils typically operate at high frequencies (e.g., 85 kHz or higher), while the motor 
windings operate at much lower frequencies (e.g., 50 Hz or a few hundred Hz). This substantial frequency disparity 
complicates both magnetic and EMI design. 

5.2.5. Simultaneous Wireless Power and Signal Transmission 

Commercial wireless communication modules such as Bluetooth, Wi-Fi, and Zigbee are commonly used in 
wireless power transfer systems. However, these modules introduce variable delays on the order of milliseconds [145]. 
In contrast, motor drive systems typically employ optocouplers, transformers, or capacitive isolators, which 
achieve much lower delays with microsecond timescales. Given that motor dynamics respond in a millisecond 
timescale, the latency introduced by commercial wireless modules is unsuitable for real-time control in wireless 
motor drive systems. 

Consequently, simultaneous wireless power and signal transfer methods have been developed [145,146]. 
These methods transmit signals either by modulating the power channel or by incorporating additional coils. By 
enabling real-time communication and reducing device pairing time, simultaneous wireless power and signal 
transfer methods offer significantly lower latency compared to traditional wireless solutions. 

However, there still exist several challenges. First, the additional coils or modulation circuits increase system 
complexity and volume. This poses a particular difficulty for wireless motor drive applications, where high power 
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density is critical due to the limited space within motor chambers. Second, the proximity of power and signal 
components leads to significant EMI challenges. Furthermore, signal coils are typically much smaller than power 
coils, making them more susceptible to misalignment effects that can degrade communication performance. 

Therefore, there remains a pressing need for compact and reliable wireless communication solutions 
specifically optimized for wireless motor drive systems. 

5.2.6. Artificial Intelligence-Assisted Motor Control for Wireless Motor Drive Systems 

Future WMD systems will face more control challenges from nonlinear characteristics, parameter variations, 
coupler misalignment, and dynamic operating conditions. Although conventional control methods have 
demonstrated satisfactory performance under well-defined conditions, their adaptability to uncertain environments 
remains limited. Fortunately, artificial intelligence (AI)-based techniques provide a promising approach for future 
motor controllers [147]. AI algorithms, such as neural networks and reinforcement learning, can be integrated into 
conventional control frameworks to optimize controller parameters, compensate for nonlinear disturbances, and 
enhance motor trajectory tracking performance under varying operating conditions. 

Despite the advantages, the practical implementation of AI-based motor control remains challenging due to 
hardware constraints, data requirements, and real-time execution limitations. Therefore, future research should focus 
on hardware-oriented AI implementation, such as FPGA-based controllers and dedicated AI accelerator integration. 
Moreover, edge computing can be employed to enable local data processing and model inference, thereby reducing 
communication latency and improving system responsiveness. Developing lightweight, reliable, and real-time AI 
solutions is essential for realizing intelligent WMD systems with high performance and practical applicability. 

6. Conclusions 

The paper provides a critical review of wireless motor drive systems, focusing on three typical structures: the 
cascaded structure, the multi-coil-based structure, and the matrix converter-based structure. For the cascaded 
structure, four possible configurations, LIV/CSI, LIV/VSI, LIC/CSI, and LIC/VSI, are analyzed and compared. 
Future research should place greater emphasis on CSI-based cascaded structures and bidirectional power flow. 
The paper then explores the multi-coil-based and matrix converter-based structures within the integrated 
configuration. It concludes that multi-coil-based structures offer higher robustness while matrix converter-based 
structures enable higher power density. Multiple frequency control is essential for the multi-coil-based structure. 
Different motor windings are assigned distinct resonant-frequency channels to realize independent control. 
However, the extensive use of coupler coils and decoupling branches limits the practicality of multi-coil-based 
structures. For the matrix converter-based structure, modulation strategies are highlighted as a central challenge. 
Although existing research has made improvements to the modulation strategy, many practical factors, such as 
component stresses, misalignment effects, and wireless communication latency, remain unaddressed. Finally, the 
paper provides a comparative summary of the three structures and offers future perspectives based on the current 
state of research. 
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