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INTRODUCTION

In recent years, research on DC microgrid 
(DC MG) structures has developed rapidly to 
meet the growing demand for efficient power 
distribution in modern industrial factories [1, 2], 
particularly in environments employing autono-
mous mobile robots (AMRs) and mobile robotic 
systems [3, 4]. Numerous studies conducted have 
demonstrated that DC microgrids provide sig-
nificantly higher efficiency than conventional AC 
grids due to the considerable reduction in AC/DC 
conversion losses [5-7] and power supply sys-
tem primarily focused on integrating renewable 
energy sources, including photovoltaic (PV) sys-
tems and wind turbines, into the central DC bus 
[8, 9]. In industrial factories, DC microgrid archi-
tecture enables direct power distribution to wire-
less charging stations for AMRs. AMRs are used 
in smart factories and automated warehouses to 
perform tasks such as material handling, product 
sorting, and flexible production support. Unlike 

traditional automated guided vehicles (AGVs), 
AMRs are capable of self-positioning, path plan-
ning, and obstacle avoidance without the need for 
fixed infrastructure, thereby enhancing flexibility 
and operational efficiency in modern manufactur-
ing environments. Several studies have deployed 
DC microgrid systems integrating wireless power 
transfer (WPT) technology to support the con-
tinuous operation of mobile robot fleets [10–12]. 
However, the continuous operating time of AMRs 
is still significantly limited by the built-in battery 
capacity of the robots, reducing productivity and 
increasing system downtime for charging or bat-
tery replacement. This becomes one of the main 
challenges in deploying large-scale robot fleets in 
smart factories [13–15].

Currently, most AMR systems use contact 
charging via mechanical connectors or manual 
battery replacement. Although this method is 
highly efficient, mechanical contacts are suscep-
tible to wear, oxidation, and damage in industrial 
environments with high levels of dust, vibration, 
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and humidity. In addition, physical connections 
reduce reliability, require periodic maintenance, 
and cause disruptions to robot operation [16]. 
To overcome these limitations, wireless power 
transfer technology, especially Resonant Induc-
tive Power Transfer, has emerged as a promis-
ing solution due to its contactless power transfer 
capability, safety, and complete automation of 
the charging process [17].

Many recent studies have focused on devel-
oping WPT systems for electric vehicles, AGVs, 
and AMRs. Review works show that WPT tech-
nology can achieve transmission efficiency of 
over 90% under optimal alignment conditions, 
while completely eliminating mechanical con-
tacts [18]. In addition, studies have proposed 
various winding structures such as circular, DD, 
DDQ, and bipolar to improve the anti-displace-
ment capability between the transmitter and 
receiver [19]. Some other studies focus on opti-
mizing resonance compensation circuits such as 
SS, SP, PS, and LCC to improve transmission 
efficiency under varying load conditions [20]. 
Hassan et al. proposed a resonant transmission 
system for a medium-sized inspection robot with 
a power of approximately 100 W; however, the 
system only considered the independent bat-
tery charging process and did not integrate with 
the multi-port power architecture on the robot 
[21]. High-power WPT systems for AGVs and 
AMRs have been developed at kW power lev-
els to meet industrial operating needs, but still 
mainly use separate converter structures between 
the wireless charger and the robot’s power man-
agement unit [22–24]. Subsequent studie in [25, 
26] proposed a bidirectional multi-port DC/DC 
converter architecture for microgrid applica-
tions, enabling flexible energy exchange among 
photovoltaic (PV) sources, battery storage sys-
tems, and industrial loads. The research group in 
[27, 28] developed a multi-port converter incor-
porating soft-switching technology, achieving 
efficiencies of up to 96% under highly dynamic 
load conditions, which are typical in factories 
utilizing autonomous mobile robots (AMRs). 
Comprehensive review studies in [29] further 
emphasized that flexible multi-port converters 
represent a key solution for energy manage-
ment in industrial DC microgrids. Reference 
[30] is among the few studies addressing WPT in 
mobile microgrids; however, the work was lim-
ited to simulation analysis and was not validated 
in real factory environments.

Despite significant progress, current research 
still has some considerable gaps: (1) most stud-
ies only consider wireless power transmission 
as a standalone functional block, while AMR 
power systems in factory environments often 
require multiple functions simultaneously, such 
as battery charging, powering drive loads, ener-
gy exchange between robots, and connection to 
micro DC grids. The use of multiple separate 
power converters increases system size, weight, 
cost, and losses. (2) very few studies directly inte-
grate WPT functionality into multi-port converter 
architectures. Existing studies mainly focus on 
optimizing transmission efficiency without con-
sidering the possibility of flexible power sharing 
between multiple power ports in AMR [16, 17]. 
(3) in smart factory environments, AMRs often 
operate continuously in large numbers and require 
rapid self-recharging capabilities while maintain-
ing high availability. However, current research 
has not fully addressed the coordination between 
wireless power transmission, multi-source power 
management, and fault isolation in the robot’s 
power system. Therefore, it is necessary to study 
an integrated wireless power transmission con-
verter capable of simultaneously performing 
multiple power functions on the same hardware 
structure to reduce the number of power compo-
nents, increase power density, improve overall 
efficiency, and enhance the reliability of the AMR 
system. Stemming from the aforementioned gaps, 
this study proposes a multi-port converter with 
integrated wireless power transmission func-
tionality for AMR robots operating in smart fac-
tory environments. The converter is designed to 
simultaneously perform wireless power transmis-
sion, multi-source power management, and bidi-
rectional power exchange between power ports 
on the robot. The main objectives of the research 
are: (i) to build converter architecture integrated 
WPT; (ii) to reduce the number of components 
and power conversion stages; (iii) to improve 
power transmission efficiency under real-world 
AMR operating conditions; and (iv) to ensure 
flexible, continuous, and reliable operation in a 
smart factory environment.

Figure 1 presents the block diagram of the 
proposed flexible power converter, which inte-
grates wireless power transfer (WPT) for mobile 
robots in industrial factories with a DC microgrid 
system. On the left side of the diagram is the DC 
microgrid, consisting of multiple input energy 
sources, including photovoltaic (PV) sources, 
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battery storage systems, and wind energy sources. 
These sources are connected through DC/DC and 
AC/DC converters to convert the generated ener-
gy into suitable forms before supplying power 
to the system. The central part of the diagram 
illustrates the AMR1/AMR2/... WPT three-port 
converter block, representing a contactless wire-
less power transfer system that utilizes coupled 
coils to deliver energy to autonomous mobile 
robots (AMRs). One port is connected to the 
AMRs, while another port interfaces with the DC 
microgrid. Flexible DC/DC converter configura-
tions are employed to regulate voltage and cur-
rent according to the requirements of both the 
DC microgrid and the wireless power transmis-
sion process. On the right side of the diagram, the 
AMR1-Bat unit demonstrates the direct battery 
charging function for the mobile robot. The entire 
system is designed based on modular architecture, 
enabling easy integration and scalability for vari-
ous renewable energy sources. The proposed con-
verter plays a critical role in managing the energy 
flow from PV, battery (Bat), and wind (Wind) 
sources to the DC microgrid and AMR1-Bat unit, 
while simultaneously supporting stable wireless 
power transfer to actively operating AMRs within 
the factory environment. With this architecture, 
mobile robots can receive power continuously 
without interrupting operation for conventional 
wired charging. 

PROPOSING A SOLUTION 		
FOR THE CONVERTER

The WPT system for AMR1 and AMR2 is 
based on the principle of high-frequency magnetic 

resonance combined with direct energy transfer 
through a DC/DC converter, as illustrated in the 
power circuit shown in Figure 2. The input DC 
power is supplied through switches M1 and M2, 
configured in a bridge converter topology, to the 
energy storage system of the mobile robot AMR1. 
Switch M1 operates at the resonant frequency to 
convert DC power into stable high-frequency AC 
power. The control circuit of switch S1 employs 
zero-voltage switching (ZVS) techniques to mini-
mize switching losses. Coil L1 generates a high-
frequency magnetic field and stores alternating 
energy to directly supply power to the AMR1 bat-
tery or to transfer energy wirelessly across the air 
gap to coil L2. Coil L2, mounted on the mobile 
robot (AMR1/AMR2), receives the magnetic flux 
and generates an induced electromotive force. The 
mutual inductance coefficient M determines the 
effectiveness of the wireless coupling and charg-
ing performance for AMR1, AMR2, or other AMR 
systems. The induced energy in L2 is delivered to 
the compensation network on the receiving side to 
stabilize the output voltage. The wireless power 
transfer system utilizes parallel-compensated LC 
resonant circuits on both the primary and sec-
ondary sides. A bridge rectifier consisting of four 
diodes D1, D2, D3, and D4, together with switch 
M1, enables bidirectional or unidirectional power 
transfer depending on the operating mode. Schott-
ky diodes are employed to minimize conduction 
losses caused by forward voltage drops. The recti-
fied DC power is then processed by a DC/DC con-
verter to regulate the charging current and voltage 
supplied to the battery. During constant-current 
charging mode, the charging current is maintained 
at a fixed value to protect the battery during the 
initial charging stage. As the battery approaches 

Figure 1. Structural diagram using a flexible converter with a DC microgrid
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full charge, the system transitions to constant-
voltage charging mode to complete the charging 
process safely. In addition, the power flow is con-
tinuously monitored to detect foreign objects or 
abnormal conditions between the transmitting and 
receiving coils.

Misalignment between coils L1 and L2 
causes a reduction in the mutual inductance coef-
ficient M [15], which significantly decreases the 
received power. To compensate for variations in 
mutual inductance, the robot employs a frequency 
control algorithm that adjusts the operating fre-
quency dynamically. AMR1 can also potentially 
operate as a power transfer unit to support the DC 
microgrid when additional grid power is required. 
The proposed converter is capable of simultane-
ously supplying power to multiple AMRs by con-
centrating magnetic field energy on robots requir-
ing charging. Both coils L1 and L2 are construct-
ed using ferrite materials with circular geometries 
to reduce electromagnetic interference (EMI) 
and improve magnetic coupling efficiency. Wire-
less communication between the charging station 
and the robots enables coordinated control of the 
charging start/stop process. The dual-LCC com-
pensation structure allows the system to adapt 
effectively to impedance variations of the energy 
storage system installed in the AMRs. Excess 
switching energy is absorbed by capacitors to 
protect the power electronic components. Over-
voltage and overcurrent protection circuits are 
integrated immediately after rectifiers D1–D4 for 
switch M1, and similar protection structures are 
also implemented for M2. In addition, AMR1 can 
mechanically adjust the coil position to optimize 
the coupling coefficient k. The wireless power 
transfer process between AMR1 and AMR2 can 
be modeled using a two-port network approach. 
The reflected impedance from AMR2 to AMR1 
is calculated to regulate the output power, as 

expressed in Equations 1–3. WPT technology 
enables robots to operate safely in dusty or humid 
industrial environments. Furthermore, the trans-
mitted power on the primary side is carefully 
limited to ensure electromagnetic field exposure 
remains within safety standards for human opera-
tors. EMI filter components are installed at the 
DC input stage to prevent conducted interference 
from propagating back into the power grid. Wire-
less charging between AMR1 and AMR2 can also 
occur while the robots are moving at low speeds. 
In standby mode, the charging station consumes 
extremely low power because switch S1 remains 
completely turned off.

Input impedance of the DC microgrid relative 
to the AMR1 port.

	
𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (1)

The input impedance of AMR1 port is direct-
ed towards L2.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (2)

The input impedance of AMR2 as seen from 
the load of AMR2.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	(3)

where:	 s is a variable in the Laplace transform, 
used to convert the switch from the time 
domain to the general frequency domain. 
s = σ + jω; σ – decay portion, jω – fre-
quency portion; n – transformer ratio.

Figure 2. Schematic diagram of the proposed power converter circuit for AMR. Port 1: DC-MG,
Port 2: Battery (AMR1-Bat), Port 3: Load (AMR) 
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Figure 3 illustrates the energy conversion 
structure used for the AMR1-Bat storage system 
connected to the DC microgrid charging station, 
while also managing the battery charging pro-
cess. The power flow begins from the DC-MG 
source, which provides a stable input voltage 
for the charging system. Capacitor Cdc1 acts as 
a buffer to suppress high-frequency noise and 
stabilize the DC bus voltage before the power 
reaches the semiconductor switching stages. The 
first main stage consists of switch M1 and diodes 
D1 and D3, where Control 1 regulates the switch-
ing operation of M1 to manage energy transfer 
through inductor L1. Inductor L1 and capacitor C1 
form a resonant or filtering network depending on 
the operating mode, enabling continuous energy 
storage and release to maintain a stable charging 
current. A notable feature of the proposed struc-
ture is that L1 functions both as a wireless power 
transfer coil and as a current-filtering inductor 
during direct charging operation, thereby reduc-
ing system size and weight.

When M1 is turned on, energy from the 
DC-MG is stored in L1. When M1 is turned off, 
current continues flowing through freewheel-
ing diodes D1 and D3, ensuring continuous 
power delivery and protecting the semiconduc-
tor devices from voltage spikes. The second 
switching stage, including M2 and diodes D6 
and D8, regulates the charging voltage and cur-
rent according to the AMR1-Bat requirements. 
Control 2 adjusts the switching duty cycle of 
M2 to implement constant-current charging dur-
ing the initial stage and constant-voltage charg-
ing when the battery approaches full capacity. 
Diodes D6 and D8 prevent reverse current flow 
from the battery to the converter, ensuring safe 
operation during power interruptions. The out-
put capacitor Cdc2 smooths the regulated energy 
and provides stable DC power to the battery, 

reducing voltage ripple and improving charging 
efficiency. In addition, the coordinated operation 
of L1, C1, and the MOSFET parasitic capacitors 
enables zero-voltage switching (ZVS), reducing 
switching losses and electromagnetic interfer-
ence (EMI). The proposed topology also sup-
ports flexible impedance adaptation and maxi-
mum power point tracking, allowing the AMR1 
system to optimize charging conditions based on 
the battery state of charge (SoC). Overall, the 
proposed circuit functions as an intelligent ener-
gy management system that enables efficient and 
autonomous operation of AMR-based robotic 
systems in smart factory environments.

The schematic diagram of the wireless power 
converter and transmission system, illustrated 
in the operating case shown in Figure 4, is spe-
cifically designed for AMR1 and AMR2 mobile 
robots with flexible power transfer capability. The 
power supply originates from the DC microgrid, 
which acts as the main energy source provid-
ing stable power for the entire charging process. 
Capacitor Cdc1 is connected in parallel with the 
input source to suppress AC ripple and stabilize 
the DC bus voltage before the inverter stage. The 
high-frequency inverter stage consists of the res-
onant circuit formed by L1 and C1, together with 
power switch M1, which is optimized according 
to the charging power requirements of the AMRs. 
Switch M1 is controlled by “Control 1” and 
operates at high switching frequency to convert 
DC power into high-frequency AC power. The 
operating frequency of M1 is designed to match 
the resonant frequency of the system in order 
to maximize wireless power transfer efficiency. 
Coil L1, combined with capacitor C1, forms the 
primary resonant network responsible for gen-
erating a strong alternating magnetic field. This 
magnetic field propagates through the air gap and 
creates mutual induction with the secondary coil 

Figure 3. Schematic diagram of AMR1 power mode being charged directly from the DC microgrid
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L2 mounted on the mobile robot, enabling con-
tactless energy transfer. On the receiving side, 
highlighted in bold in the diagram, coil L2 and its 
corresponding resonant circuit efficiently capture 
the transmitted magnetic flux. Switch S1 plays an 
important role on the receiving side and is com-
monly used as a charging control switch or for 
resonance compensation purposes. The received 
energy is filtered by capacitor C at the AMR2 load 
side to smooth the voltage and convert it into sta-
ble DC power for supplying the AMR2 battery, 
AMR1 battery, or other AMR systems. A unique 
feature of the proposed structure is its capabil-
ity to transfer transient energy through switch 
S1 and the final output coil located on the right 
side of the diagram. Diode D prevents reverse 
current flow from auxiliary loads, ensuring uni-
directional energy transfer to the subsequent 
robot or AMR2 load system. In addition, zero-
voltage switching (ZVS) is achieved through 
precise coordination between the inductive and 
capacitive components and the switching timing 
of M1. The implementation of ZVS significantly 
reduces switching losses and thermal stress on 
M1, thereby enhancing both converter efficiency 
and component reliability.

The total impedance AMR2, viewed from the 
end of L1, transmits wireless energy when the 
load is storage.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	(4)

Figure 5 presents a WPT system combined 
with direct power transfer for alternating charg-
ing of AMR1 and AMR2 mobile robots. The sys-
tem is powered by a DC microgrid source pro-
viding a stable DC voltage of 100–200 V. The 
transmitter consists of a single-switch resonant 
inverter using M1, D1, D3, and the resonant 

network L1-C1. The switching of M1 is controlled 
to achieve soft switching, while the resonance of 
L1-C1 transfers energy inductively to the second-
ary circuit L2-C2.

When M1 conducts, energy from the DC 
source charges the primary inductor L1. When 
M1 is switched off, the current in L1 cannot 
change abruptly; it begins to resonate with capac-
itor C1, forming a harmonic oscillation network. 

The equation characterizing the resonant fre-
quency of the generator circuit is

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (5)

The coil L1 then generates a strong varying 
magnetic field, propagating through the air gap. 
This magnetic field energy is absorbed by the 
secondary coil L2 located on the robot AMR2 
through the mutual inductance coefficient M. At 
the receiving end, AMR1-Bat, it is converted 
through M2 and diodes D6 and D8 during the 
conduction time of M2. When Control 2 detects 
that the AMR1-Bat battery is full or needs 
power flow regulation, it activates S1 to change 
the control of Control 2 accordingly. However, 
the most unique aspect of this bolded diagram 
is its ability to transmit relay energy. Diode D 
acts as a barrier to prevent reverse current flow 
from the subsequent stages back to the battery 
of AMR1, ensuring consistency and safety for 
the DC power flow. Mathematically, the trans-
mitted power P depends closely on the coeffi-
cient k and the quality factor Q of the windings, 
expressed by the formula P ∈ ωMI1I2 is the 
angular frequency of oscillation. The condition-
al coordination (9–10) between semiconductor 
components such as M1, M2, and S1 and diodes 
D1–D8 along with passive components L and C 
has created a self-sustaining energy ecosystem.

Figure 4. Schematic diagram of AMR1 or AMR2 power mode being wirelessly charged from a DC microgrid
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The transformer coupling coefficient char-
acterizes the magnetic connection between two 
windings L1 and L2, related to mutual inductance 
M according to the formula.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (6)

The quality factor at coil ports L1 and L2 is 
determined.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (7)

where:	ω0 is the resonant angular frequency L1; 
R1 coil resistance L1.

The efficiency of energy transfer from coil L1 
to L2 is established as an efficiency ratio.

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (8)

where:	Q2 is the quality coefficient of the L2 gate 
determined similarly to expression (7).

The conditional expressions controlling 
switches S1, M1, and M2 are:
	• In the case where only switches M1 and M2 

(energy converted from two DC microgrid 
ports with AMR1) are working, the same 
duty cycle is used in Control 1 and 2, and the 
same duty cycle D1 is adjusted accordingly 
so that the voltage and power current are 
suitable for the two ports with different volt-
age values ​​and have a relationship as shown 
in expression (9).

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

	 (9)

	• In the case where M1 or M2 and S1 (oper-
ating in relation to two DC microgrid ports 
and AMR2, AMR1) are working together, the 
duty cycle of M1 and S2 is D2 because the 

power current in this case is smaller due to 
wireless energy transmission according to the 
expression (10).

	

𝑍𝑍𝑖𝑖𝑖𝑖,𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1) + 

+𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴1 = 𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2) + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1 + 𝑛𝑛2

𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)
) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))) 

 

𝑍𝑍𝑖𝑖𝑖𝑖,𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝑅𝑅𝑜𝑜𝑜𝑜(𝑆𝑆1) + 

+ (𝑠𝑠𝑠𝑠 + 1
𝑠𝑠𝑠𝑠1 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀1)

+ 1
𝑛𝑛2(𝑠𝑠𝑠𝑠2 + 𝑅𝑅𝑜𝑜𝑜𝑜(𝑀𝑀2))

+ 1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2) 

 

𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿1𝐶𝐶1

 

 

𝑘𝑘 = 𝑀𝑀√𝐿𝐿1𝐿𝐿2 

 

𝑄𝑄1=𝜔𝜔0𝐿𝐿1
𝑅𝑅1  

 

𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2−𝐵𝐵𝐵𝐵𝐵𝐵
𝑃𝑃𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

≈ 𝑘𝑘2𝑄𝑄1𝑄𝑄2
1 + 𝑘𝑘2𝑄𝑄1𝑄𝑄2 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉1 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉2 = 𝐷𝐷1
1 − 𝐷𝐷1 𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 	 (10)

	• In the case where M1, M2, and S1 (operat-
ing in relation to the two DC microgrid ports 
AMR1 and AMR2) are working together, the 
duty cycle of M1 and M2 is D1, and that of 
S1 is D2. Because the output is two and the 
input is one, the duty cycle will be longer 
when the required output energy is greater, 
and vice versa.

Figure 6 illustrates the operating modes 
when AMR1 receives power from the DC 
microgrid. In Mode 1, the wireless power trans-
fer system is inactive, and the converter oper-
ates through direct power transmission from 
AMR1. The received AC power is converted 
to DC through diodes D5–D8 and switches M1 
and M2, which operate as a synchronous recti-
fier to reduce voltage loss and improve efficien-
cy at low power levels. Control 1 and Control 
2 generate precise gate signals with dead-time 
protection to prevent shoot-through. In Mode 
2, AMR1 wirelessly transfers power to AMR2 
while switch M1 remains inactive. In Mode 3, 
AMR1 simultaneously supplies power to both 
the DC microgrid and AMR2. The operating 
principle is similar to the previous converter 
mode, but with a higher output voltage. The 
proposed design ensures stable operation even 
at low power levels of only a few tens of watts. 
In addition, feedback from the DC microgrid 
allows the control loop to quickly regulate the 
output voltage, ensuring a continuous and reli-
able power supply for mobile robots.

Figure 5. Schematic diagram of the case where AMR1 is charged directly from the DC microgrid
and AMR2 is charged wirelessly



257

Advances in Science and Technology Research Journal 2026, 20(10), 250–265

The mathematical model for frequency mod-
ulation-based control of the converter has three 
specific cases as follows:
	• This case involves direct power transfer using 

two DC microgrid ports and AMR1. 

	 𝑃𝑃𝑆𝑆𝑆𝑆 = 1
2 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔. 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵 

[𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑜𝑜𝑜𝑜]𝑓𝑓𝑠𝑠𝑠𝑠 
 

 

𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 = 2𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵𝐿𝐿1
𝑡𝑡𝑜𝑜𝑜𝑜𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (1 − 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵

𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
)
 

 

𝐺𝐺(𝑠𝑠) = 𝑣𝑣𝑥𝑥(𝑠𝑠)
𝑓𝑓(𝑠𝑠)  

 

𝐶𝐶 𝑑𝑑𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑 = 𝑃𝑃(𝑓𝑓) − 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 

 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 2𝜋𝜋𝜋𝜋𝜋𝜋1𝐼𝐼2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

 

𝑓𝑓 = 𝑓𝑓0 + 𝐾𝐾𝑝𝑝(𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑣𝑣𝑥𝑥) 

 

 

	 (11)

	

𝑃𝑃𝑆𝑆𝑆𝑆 = 1
2 𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔. 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵 

[𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑜𝑜𝑜𝑜]𝑓𝑓𝑠𝑠𝑠𝑠 
 

 

𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 = 2𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵𝐿𝐿1
𝑡𝑡𝑜𝑜𝑜𝑜𝑉𝑉𝐷𝐷𝐷𝐷 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (1 − 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴1−𝐵𝐵𝐵𝐵𝐵𝐵
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	• Case of wireless power transmission with DC 
grid voltage control and transfer function.
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where:	vx(s) is the voltage at the three-branch 
connection L1, M1, and M2 in the pro-
posed converter. The general control 
model controls the frequency for the ports 
considered as outputs or loads.
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Power is related to frequency.
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where:	α is the angle between the two currents I1 
and I2 flowing through coils L1 and L2.

Control to maintain stability vx
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where:	 f0 is the initial frequency when perform-
ing frequency modulation; Kp is the pro-
portionality constant in the control model.

SIMULATION ANALYSIS

Figure 7 presents the simulated relationship 
between the switching frequency of M1 and M2 
and the charging voltage of the AMR robots. The 
switching frequency ranges from 20 kHz to 80 
kHz, which is suitable for optimizing the size of 
magnetic and power electronic components. In 
the proposed converter, the wireless power trans-
mission circuit uses a parallel LC resonant circuit, 
often preferred on the power generation side of 
the robot’s storage load to generate a large cur-
rent flowing through the coil. The analysis and 
selection of the resonant frequency is based on 
factors affecting power reception and transmis-
sion efficiency, specifically the LC resonant cir-
cuit quality factor as expression (7). A quality 
factor value of Q = 5–10 allows for easy adap-
tation of the system without the need for overly 
complex or expensive frequency-track control-
lers. Performance remains stable even when the 
robot is parked off-center, resulting in a higher 
total daily energy charge. The charging voltage of 
AMR1 and AMR2 varies from 20–100 VDC for 
DC microgrid input voltages of 100 VDC and 200 
VDC. The results show that the charging voltage 
increases nonlinearly with switching frequency. 
At a 100 VDC input, the charging voltage rises 
from approximately 20 V at 20 kHz to about 52 
V at 80 kHz. For a 200 VDC input, the charging 
voltage increases from around 42 V to approxi-
mately 102 V over the same frequency range. The 
steeper slope at 200 VDC indicates greater sensi-
tivity of the output voltage to frequency variation 
at higher input voltages. In general, doubling the 
DC-MG input voltage nearly doubles the AMR 
charging voltage, confirming the proportional 
relationship between the input and output voltag-
es. The nonlinear characteristics are caused by the 

Figure 6. DC microgrid or AMR2 energy received from AMR1 storage
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resonant compensation network, whose voltage 
gain depends on the operating frequency. There-
fore, frequency modulation of M1 and M2 is used 
to regulate the charging voltage and maintain 
constant-current and constant-voltage charging 
modes for lithium batteries. The results also dem-
onstrate that increasing the switching frequency 
is an effective method for fast charging. The close 
agreement between the simulation points and the 
fitted curves confirms the accuracy of the math-
ematical model and converter design. In addition, 
high-frequency operation allows smaller coils and 
capacitors while maintaining ZVS soft-switching 
conditions for M1 and M2. The wide voltage 
regulation range enables compatibility with vari-
ous AMR battery voltage levels without requiring 
hardware modifications, making the system suit-
able for continuous operation in smart factory and 
warehouse environments.

Based on the graph in Figure 8 and the ana-
lyzed circuit diagrams, the switching frequencies 
of M2 and S1 significantly affect the charging 
voltage of AMR2 when power is wirelessly trans-
ferred from AMR1. The graph shows a positive 
nonlinear relationship between the switching 
frequency range of 20–80 kHz and the AMR2 
charging voltage for AMR1 battery voltages of 
36 VDC and 48 VDC. For the 36 V configura-
tion, the charging voltage increases from approxi-
mately 16 V at 20 kHz to about 22 V at 80 kHz. In 
the 48 V configuration, the charging voltage rises 
from around 25.5 V at 20 kHz to approximately 
32.5 V at 80 kHz, maintaining a voltage differ-
ence of about 10–12 V across the entire frequency 
range. The nonlinear characteristics of the curves 

reflect the gain behavior of the resonant compen-
sation network, which depends on the operating 
frequency. Therefore, frequency modulation of 
M2 and S1 is used to regulate the output voltage 
and adapt the system impedance according to the 
battery charging state. In addition, coordinated 
switching between M2 on the transmitter side 
and S1 on the receiver side improves magnetic 
flux transfer efficiency from AMR1 to AMR2. 
The simulation results confirm that the proposed 
WPT system can flexibly support different AMR 
battery voltage levels while maintaining stable 
charging performance.

Observing Figure 9, it is clear that frequency 
has a significant influence on the wireless charg-
ing voltage at AMR1 and AMR2. In the case of 
VDC–grid = 200, the charging voltage increases 
noticeably as the switching frequency rises. At 
low frequencies, the charging voltage starts at a 
relatively low level and gradually increases along 
a nonlinear curve. As the frequency continues to 
increase, the charging voltage rises more rapidly, 
approaching a nearly linear trend at higher fre-
quencies. This behavior indicates that the mag-
netic coupling efficiency between coils L1 and L2 
improves with increasing frequency. As a result, 
both the AMR1 output voltage and the AMR2 
charging voltage are significantly enhanced.

Compared with previous measurements at 50 
kHz, increasing the switching frequency directly 
improves the battery charging voltage. Therefore, 
Control Units 1 and 2 must dynamically regulate 
the operating frequency to maximize the volt-
age gain while ensuring that M1 and M2 main-
tain soft-switching operation. The graph also 

Figure 7. Effect of frequency on the charging voltage 
for AMR1 from the DC-MG grid

Figure 8. Effect of frequency on wireless voltage
at AMR2 charging head
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indicates that energy transfer efficiency decreases 
at low frequencies because the coil impedance 
has not reached its optimal resonant condition. In 
IoT-based DC microgrid applications, proper fre-
quency selection is essential for maintaining sta-
ble wireless charging voltage for mobile robots. 
Figure 10 further confirms that frequency is a key 
parameter directly affecting the wireless charging 
performance of AMR1 and AMR2.

Figure 10 (a) presents the simulated influ-
ence of the switching frequencies of M1, M2, 
and S1 on the power transmission efficiency of 
the AMR1 and AMR2 systems. The graph evalu-
ates four operating modes: DC grid-to-AMR1 
charging, reverse power transfer from AMR1 to 
the DC grid, simultaneous charging of AMR1 
and AMR2, and AMR1-to-AMR2 relay charg-
ing. Overall, the efficiency of all modes decreas-
es as the switching frequency increases from 20 
kHz to 80 kHz. This reduction is mainly caused 
by switching losses in M1, M2, and S1, reverse 
recovery losses of diodes D1–D4, and increased 
parasitic and ferrite core losses in coils L1 and L2. 
The DC grid-to-AMR1 mode achieves the high-
est efficiency, decreasing from approximately 
98% at 20 kHz to 94.5% at 80 kHz due to the 
optimized direct charging structure. The reverse 
AMR1-to-DC grid mode maintains efficien-
cies between 95.5% and 93.5%, demonstrating 
stable bidirectional power transfer capability. 
The simultaneous charging mode for AMR1 and 
AMR2 shows lower efficiency, dropping from 
91% to about 84% as the frequency increases 
because of higher current stress and additional 
magnetic coupling losses.

The AMR1-to-AMR2 relay charging mode 
exhibits the lowest efficiency, ranging from 
75.5% to 72.5%, since the energy passes through 
two wireless transfer stages. Although this relay 
mode has lower efficiency, it remains important 
for supporting robots operating outside the fixed 
charging station coverage area. At the standard 
operating frequency of 50 kHz, the efficiencies of 
the four modes are approximately 96%, 94.5%, 
84.5%, and 74%, respectively. The results confirm 
that increasing frequency helps reduce component 
size but also increases switching losses and ther-
mal stress on the power devices. The close agree-
ment between the simulated points and trend lines 
validates the accuracy of the mutual inductance 
model and coupling coefficient design. Overall, 
the proposed WPT relay system demonstrates the 
potential for energy-sharing robot swarms capa-
ble of long-term autonomous operation in smart 
factory environments.

Figure 10(b) presents the simulated effects 
of the duty cycle D of switches M1, M2, and 
S1 on the power transmission efficiency of the 
AMR1 and AMR2 systems. All operating modes 
show a similar trend in which efficiency is high-
est at low duty cycles and gradually decreases 
as D increases. In the region of D < 0.5, sin-
gle-stage transmission modes such as DC grid-
AMR1 and AMR1-DC grid maintain efficien-
cies above 95%, indicating that soft-switching 
conditions are effectively achieved and con-
duction losses remain low. However, when D 
< 0.5, the efficiencies of these modes decrease 
rapidly to approximately 72–73% at D = 0.9 due 
to increased conduction time and higher current 
stress on switches M1 and M2, leading to greater 
thermal losses in coils L1, L2, and the semicon-
ductor devices. The simultaneous charging mode 
for AMR1 and AMR2 starts at about 91% effi-
ciency but decreases more rapidly because the 
shared magnetic flux changes the equivalent 
impedance seen by the inverter stage. At D = 
0.4, the efficiency drops to around 80%, show-
ing the sensitivity of multi-load operation to duty 
cycle variations. The AMR1-AMR2 relay charg-
ing mode exhibits the lowest efficiency, decreas-
ing from approximately 73% to 54% at D = 0.9, 
since the energy passes through two wireless 
transmission stages and two resonant networks. 
Despite its lower efficiency, this Robot-to-Robot 
(R2R) mode remains important for supporting 
robots operating outside the charging station 
coverage area. The simulation results closely 

Figure 9. Effect of frequency on wireless voltage
at AMR1 or AMR1 charging hea
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follow the trend curves, confirming the stabil-
ity of the single-switch resonant inverter design. 
The analysis indicates that the optimal operating 
range for the AMR swarm is within D = 0.1 to 
0.3, where the balance between power transfer 
capability and energy efficiency is most suitable 
for autonomous operation. In addition, combin-
ing duty cycle control with frequency modula-
tion provides a flexible dual-parameter control 
strategy for Control Units 1 and 2. Proper duty 
cycle management is therefore essential for pre-
venting overheating, maintaining high efficiency, 
and supporting intelligent Robot-to-Grid (R2G) 
and Robot-to-Robot (R2R) energy-sharing oper-
ations in smart factory environments.

Figure 11 illustrates the effect of the distance 
between coils L1 and L2 on the power transmis-
sion efficiency of the AMR1 and AMR2 systems. 

The graph shows an inverse relationship between 
transmission distance and efficiency for two 
operating cases: DC grid-to-AMR2 charging and 
AMR1-to-AMR2 relay charging. In both cases, 
efficiency decreases as the distance between the 
coils increases due to the reduction in the mutual 
inductance coefficient M and coupling coefficient 
k, which increases magnetic flux leakage. At a 
short distance of approximately 2 cm, the AMR1-
AMR2 relay mode achieves the highest efficien-
cy of about 87.5%, slightly higher than the 85% 
efficiency of direct grid charging. This indicates 
that the proposed resonant converter structure 
using switches M1, M2, and S1 is highly effec-
tive for robot-to-robot energy transfer. However, 
as the distance increases to 5 cm, the efficiencies 
of both modes converge to around 80%. Beyond 
6 cm, the relay charging efficiency decreases 
more rapidly because of accumulated losses 
through multiple wireless transmission stages. At 
8 cm, the DC grid-AMR2 efficiency remains near 
68%, while the AMR1-AMR2 mode decreases to 
approximately 66%. At the maximum tested dis-
tance of 10 cm, the grid charging efficiency is 
about 65%, whereas the relay mode drops sig-
nificantly to around 60%. Misalignment between 
the mobile robots further increases transmission 
losses at larger distances. The analysis confirms 
that the optimal operating range for maintain-
ing efficiencies above 80% is when the distance 
between L1 and L2 is below 5 cm. Control Units 
1 and 2 regulate the switching frequency and 
duty cycle D to compensate for impedance varia-
tions caused by distance changes. The results 
also demonstrate the feasibility of relay wireless 
charging for robot swarms in smart warehouse 
environments while highlighting the importance 
of accurate robot positioning and short charging 
distances to maintain high efficiency and reduce 
charging time.

EXPERIMENT AND DISCUSSION

Figure 12 presents an experimental prototype 
of the proposed converter system integrating 
wireless power transfer for an AMR in a labora-
tory environment. The input parameter settings 
are shown in table 1. The system is powered by 
a 36.1 V DC microgrid source connected to a 
central DC/DC converter board. Two flat cop-
per coils are arranged to demonstrate wireless 
power transmission from the transmitter coil 

Figure 10. Parameter effects on
converter performance: (a) switching frequency,

(b) proposed converter switchs duty cycle
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on the floor to the receiver coil mounted under-
neath the AMR. A 16×2 LCD module displays 
real-time operating parameters. The converter, 
equipped with a large heat sink, performs syn-
chronous conversion and rectification to ensure 
high efficiency under DC microgrid operation. 
The AMR is positioned on the right side of the 
setup, receiving power wirelessly without physi-
cal connections. The entire experimental model 
clearly demonstrates the processes of DC power 
supply, wireless transmission, rectification, and 
energy delivery to the robot in conditions such 
as workshops and warehouses in the documents 
[13]. Measurements from the LCD and oscillo-
scope confirm stable system operation. The pro-
totype validates the integration of WPT technol-
ogy into a flexible converter system for efficient 
energy management of AMRs in DC microgrid 
environments while enabling accurate real-time 
monitoring during experiments.

In the practical experiment, the flexible con-
verter was tested under two operating scenarios, 
as shown in Figure 13(a), corresponding to direct 
charging of AMR1 from the DC microgrid. In the 
first case, the LCD displays the DC microgrid 
parameters: VDC = 110.1 V, I = 0.32 A, and P = 
35.2 W, confirming stable power delivery from 
the DC grid. In the second case, the LCD shows 
the charging parameters of the AMR1 battery: 
35.9 V, 0.93 A, and 33.3 W, indicating success-
ful energy conversion to a suitable charging level. 
The difference between the input power of 35.2 
W and the output power of 33.3 W corresponds 
to a converter efficiency of approximately 94.6%, 
demonstrating low losses due to synchronous rec-
tification and ZVS operation. The results confirm 
stable converter performance for both the high-
voltage DC microgrid side and the low-voltage 
battery charging side.

Figure 13(b) presents the wireless charging 
experiment from the DC microgrid to AMR2. 
Under the same DC microgrid conditions of 
110.1 V, 0.32 A, and 35.2 W, the wireless power 
transfer system delivered 35.3 V, 0.73 A, and 
25.7 W to the AMR2 battery after transmission 
through the wireless coils and converter stages. 
The decrease from 35.2 W to 25.7 W indicates a 
wireless transmission efficiency of approximately 
73%, which is acceptable considering the coil 
distance and copper losses. The results verify the 
converter’s capability to wirelessly transfer and 
regulate power from the DC microgrid to AMR2 
with stable operation over a transmission distance 
of approximately 6 cm (Table 1).

Based on Figure 14(a), a comparative analysis 
between simulation and experimental results was 
conducted for the DC microgrid power conver-
sion system supplying AMR1 and AMR2 robots. 

Figure 11. Effect of distance on performance
of each mode and average of the proposed converter

Figure 12. Experimental images in the laboratory
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The graph illustrates the relationship between 
transmission power and efficiency for four oper-
ating modes. In all cases, efficiency reaches its 
highest value at low power levels and gradually 
decreases as the output power increases due to 
higher conduction and switching losses in the 
coils and semiconductor devices. Experimental 
efficiencies are consistently 1–2.5% lower than 
simulation results because of practical parasitic 
losses and non-ideal connections.

For the single charging mode (DC grid-
AMR1), the simulated efficiency starts at 
approximately 98% and remains around 94% at 
2000 W, while the experimental results closely 
follow the simulation with efficiencies decreas-
ing from 97% to 93.5%. This confirms that the 
resonant compensation network and converter 
design successfully maintain ZVS operation 
for M1. In contrast, the simultaneous charging 
mode for AMR1 and AMR2 exhibits a more sig-
nificant nonlinear efficiency reduction. At 300 
W, the experimental efficiency remains around 
90.5%, but a sharp drop occurs in the 500–600 
W range, where efficiency decreases from 88.5% 
to 83.5%. This reduction is caused by increased 
load demand, impedance variation, leakage 
inductance, and additional reactive power gen-
erated between the receiving coils of AMR1 and 
AMR2. At the maximum power level of 2000 W, 
the simultaneous charging efficiency decreases 
to approximately 74% in both simulation and 
experiment, indicating that switching losses 

dominate at high power conditions. The close 
agreement between simulation and experimen-
tal curves confirms the accuracy of the mutual 
inductance M and coupling coefficient k models. 
The results also demonstrate that flexible adjust-
ment of switching frequency f and duty cycle D 
helps maintain optimal efficiency in the 300–
500 W operating range. Although relay wireless 
charging introduces additional losses, the pro-
posed WPT system still achieves experimental 
efficiencies above 92% in single charging mode, 
demonstrating high performance and practical 
feasibility for mobile robot applications in smart 
factory environments.

Figure 14(b) compares simulation and experi-
mental results for wireless power transfer between 
AMR1 and AMR2. Two operating cases are ana-
lyzed: DC grid-to-AMR2 charging and AMR1-
to-AMR2 relay charging. In all cases, the trans-
mission efficiency decreases as the output power 
increases from 50 W to 200 W due to higher cop-
per and switching losses in M1 and S1. Simulation 
results remain slightly higher than experimental 
results because practical effects such as parasitic 
resistance and electromagnetic interference are 
not fully considered. For the AMR1-AMR2 relay 
charging mode, the simulated efficiency decreases 

Table 1. Input parameters for experimental modeling 
of the proposed converter.

Components in the 
converter Parameter

Inductor L1, L2

35.5 nH, 28.5 uH, copper wire 
electrical section F=1.5 mm, 
number of turns L1: 12 turns, 
number of turns L2 11 turns

Capacitor C1 135 uF

Capacitor Cdc 10 uF

Capacitor C 146 uF

Frequency switch 50–70 kHz

Switch M1, M2 IRF154

Switch S1 IRF110

AMR1-Bat 36 V, 48 V, 2 Ah

AMR transport load 10 kg

AMR movement speed 2.5 m/s

Robot size 39 × 30 × 20 cm

DC-grid 100 V, 200 V

Figure 13. Measurement and testing model images: 
(a) DC grid power supply to AMR1-Bat

via direct connection, (b) DC grid power supply
to AMR1-Bat via wireless connection

at a distance of 6 cm
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from 86.1% to 81.2%, while the experimental 
efficiency drops from 85.2% to 75.1%. In the DC 
grid-AMR2 charging case, the simulated efficien-
cy decreases from 84.5% to 78.6%, whereas the 
experimental efficiency decreases from 82.6% to 
74.3%. The higher relay efficiency in the 50–150 
W range demonstrates effective coupling between 
the two robots. In addition, switch S1 helps main-
tain ZVS operation and stable efficiency under 
high-load conditions.

Figure 14(c) compares simulation and experi-
mental results for the wireless power transfer 
converter with transmission distance as the main 
parameter affecting performance. All curves 
show a similar trend in which efficiency decreas-
es as the distance between coils increases due to 
the reduction of the coupling coefficient k and 
increased magnetic flux leakage. At the short-
est distance of 2 cm, the system achieves peak 
efficiencies between 84.5% and 87.5%, with the 
simulated AMR1-AMR2 relay mode showing the 
best performance. The experimental relay results 
closely match the simulations at distances from 
2–6 cm but decrease more rapidly at larger dis-
tances because of thermal losses and coil mis-
alignment. Around 5 cm, all operating modes 
converge near the 80% efficiency level, represent-
ing the most stable operating region for the robot 
system. Beyond 6 cm, the efficiency decreases 
nonlinearly due to resonant magnetic field char-
acteristics. The simulated DC grid-AMR2 mode 
maintains the best long-distance performance, 
reaching approximately 65% efficiency at 10 cm, 
while the experimental results for both direct and 
relay charging decrease to around 60%. In the pro-
posed converter, experimental values ​​consistently 
decreased compared to simulations. This is due to 
the influence of parasitic elements in the switch-
ing mechanism, the resonant frequency deviation 
from the switching frequency, and the distance 
and eccentricity of the transceiver coils caused 
by robot oscillation. In the experiment, the robot 
was considered stationary, so the eccentricity was 
considered negligible. Therefore, the optimal dis-
tance between the two coils for efficient power 
transmission was less than 5cm, corresponding 
to precise position control with an error of a few 
millimeters for the robots. To compensate for the 
reduced coupling, switches M2 and S1 regulate 
frequency and resonance conditions to maintain 
ZVS operation and stable power transfer. The 
results confirm that the proposed WPT system 
can maintain acceptable efficiency even at larger 

Figure 14. Experimental-simulated comparison of the 
proposed converter in a DC microgrid for a factory 

using AMR: (a) direct and wireless
power transmission cases,

(b) wireless power transmission cases,
(c) distance affecting performance

coil distances, supporting flexible wireless charg-
ing and energy-sharing operation for AMR sys-
tems in smart factory environments.
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CONCLUSIONS

The proposed wireless power transfer convert-
er for AMR1 and AMR2 demonstrates high perfor-
mance, flexibility, and strong practical applicabil-
ity in modern industrial environments. By employ-
ing a single-switch resonant inverter structure, the 
converter reduces system size and weight while 
achieving soft-switching operation, thereby mini-
mizing switching losses and electromagnetic inter-
ference (EMI). Experimental results confirm direct 
transmission efficiency above 94.5%, combined 
transmission efficiency above 82.5%, and wire-
less transmission efficiency exceeding 79%, dem-
onstrating stable and energy-efficient operation 
over extended periods. The converter also supports 
flexible voltage regulation and multiple charging 
modes, ensuring safe operation for Lithium-ion 
battery systems. In addition, the relay transmis-
sion mechanism enables AMR1 to share energy 
with AMR2, extending the operating range of the 
robot swarm beyond the direct coverage area of 
the DC microgrid. The detuning control technique 
using switch S1 effectively regulates power flow, 
prevents overcharging, and optimizes magnetic 
field utilization for robots requiring higher power. 
Furthermore, frequency modulation and duty cycle 
control allow the system to maintain stable perfor-
mance under coil misalignment and air-gap varia-
tions. The integration of wireless charging signifi-
cantly reduces charging downtime and enhances 
the autonomy of AMR systems, making the pro-
posed converter a promising energy solution for 
smart factories and autonomous logistics centers.
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