
Coupling and load estimation with current and 

voltage primary sensing in free communication 

wireless power charging 
 

Víctor Hueros 

Power Electronics Systems 

Group 

Carlos III University of 

Madrid 

28911, Leganes Spain 

vhueros@ing.uc3m.es 

Andrés Barrado 

Power Electronics Systems 

Group 

Carlos III University of 

Madrid 

28911, Leganes Spain 

andres.barrado@uc3m.es 

Cristina Fernández 

Power Electronics Systems 

Group 

Carlos III University of 

Madrid 

28911, Leganes Spain 

cfernand@ing.uc3m.es

Paolo Mattavelli 

Univesità degli studi di 

Padova 

35131, Padova Italy 

paolo.mattavelli@unipd.it  

Abstract— In recent years the implementation of wireless 

power systems has increased due to improvements in technology 

and efficiency. Some advantages of wireless power transfer 

technology are reliability, safety, and convenience of use. One of 

the challenges with these systems is output regulation, as there 

are no physical wires to access it. Further complications are the 

variability of coil coupling and output power in the case of 

chargers. Firstly, this paper has summarized some of the main 

techniques for controlling the output of inductive power 

technology. Moreover, a predictive free communication control 

from the primary is proposed. It is aimed at charging systems 

with constant but unknown coupling, using a small drone 

charger as a reference. This control allows the secondary side to 

be simplified and acts faster than a control loop at the output 

due to the predictive measurement and feedforward operation. 

The simulation results for an output voltage of 5 V show an error 

of less than 3 % for a coupling range of 0.25 to 0.5. 

Keywords-- battery chargers, control systems, energy 

management, inductive power transfer, wireless power transfer. 

I. INTRODUCTION 

Wireless charging is a convenient, reliable, and safe 

technology for powering and charging electrical devices. The 

advantages over other power methods are that they are cost-

effective and safer by eliminating physical connectors [1]. 

Wireless Power Transfer (WPT) systems can be either near 

field or radiative far field, depending on the transfer distance. 

The first ones can be capacitive and inductive transfer, and 

the second ones can be microwave, laser, optic, 

radiofrequency, or ultrasound [2]. 

Inductive power transfer (IPT) is the oldest and most 

widely used WPT technology. The advantages of magnetic 

inductive coupling over other types include ease of 

application, high efficiency over a short distance, and 

guaranteed safety [3]. The typical mode of operation of IPT 

converters is magnetic coupling resonance (MCR) [4]. 

A typical IPT system in MCR consists of four basic 

components (Fig. 1): an inverter stage that generates a 

periodic current, a transmitter coil that includes a resonance 

tank (primary compensation), a receiver coil that includes a 

resonance tank (secondary compensation), and a rectifier 

with high-frequency filtering [5]. In this architecture a pre – 

regulator is included. The main parameters that define these 

systems are the resonant frequency, the magnetic coupling in 

the coils, the communication transfer, and the battery. 

The main problem with wireless transfer systems is the 

lack of physical wires for output regulation. In applications 

such as battery charging for drones or pacemakers, the system 

is variable in both the power demanded and the coupling of 

the coils [6]. To meet these challenges, researchers take 

different control strategies, which are presented in this paper.  

Some research aims to mitigate the coupling variation by 

physically placing the coils at the design point position while 

others use different coil designs [7]. However, in this paper, 

only regulation strategies are included. A novel method of 

voltage regulation by predictive estimation, together with a 

pre-regulator, is presented in the paper. This method suits 

applications with constant but unknown coupling and 

variable power output, such as battery charging. It is also 

suitable for systems with space and/or weight restrictions on 

the receiver, such as small drone charging systems or 

biomedical devices. 

II. CONTROL OF WIRELESS CHARGERS 

There are different classifications according to the control 

approach. In [6], the strategies are classified according to 

transmission performance, divided into three types: 

resonance state control, efficiency optimization control, and 

expected output control. Resonance control is required to 

compensate for coupling and load dependence. Some 

possible techniques include frequency tracking, reactive 

component tuning or impedance matching. Examples of 

efficiency control are soft switching or active rectifiers.[8].  

Finally, the control of the output can be done via the output 

power, the output voltage or the output current. In this case, 

the aim of the design architecture is to control the output 

voltage that feeds the battery charger.  

 

Fig. 1.  Fundamental blocks of proposed inductive power transfer system 
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This paper proposes a classification according to the part 

of the WPT system where the control is performed. 

It can be divided into control from the primary and control 

from the secondary. The purpose of these two methods is to 

measure a system variable and compensate for the error in the 

target parameter. The sensing information can be obtained 

from the secondary to control the secondary, from the 

secondary to control the primary, or from the primary to 

control the primary. Some of the target parameters used to 

regulate the power transfer are the frequency, the equivalent 

resistance, or the reactive elements of the circuit. 

A.  Secondary control strategies 

Secondary control strategies are the most immediate to 

implement because the output information is available in the 

controller. The limitations of these architectures depend on 

the application, e.g., in environments with space or weight 

restrictions on the secondary such as biomedical. 

The aim of the different papers is similar: to regulate the 

output voltage by using a post regulator before the charger. 

In some cases, this post regulator is a DC-DC converter, as in 

[9] using a LM2596 step-down. In other cases, a linear 

voltage regulator is used as in [7] for charging a pacemaker. 

In [10], the objective is not voltage regulation but 

efficiency regulation. The maximum efficiency is estimated 

by measuring the rectifier's DC voltage and current. As in this 

paper, the coupling is estimated from the voltage and current. 

B.  Primary control strategies 

Communication between the two sides of the system is 

required when a variable in the primary circuit, such as 

frequency, is controlled by information from the secondary 

circuit. One of the methods to access secondary information 

is communication by wireless modules outside the operating 

frequency band. Examples are RF communication for 

charging drones [11] or pacemakers [12]. 

The other transmission method is in-band communication, 

which is analogue communication using pulse coupling [13], 

[14]. Communication from the primary to the secondary, 

called forward telemetry or downlink, can be done directly by 

modulating the input source in amplitude or frequency. 

However, communication from the secondary to the primary, 

or back telemetry or uplink, can be done by perturbing the 

signal transmitted by the coupling. The two types of 

perturbation are load modulation called load shift keying 

(LSK) or frequency shift keying (FSK) [15], [16]. 

Some researchers implement primary control without 

secondary information. The advantages are control 

simplification, communication free and cost reduction. 

A possible method is frequency adjustment. In [17], the 

inverter is self-oscillating to maintain power but not gain. 

Resonance is found using a current zero-crossing detector to 

obtain a sinusoidal waveform with no harmonics. In [18], the 

frequency is adjusted by looking at the phase shift between 

the inverter voltage and the primary current. 

Another method is the idea of coupling and load 

estimation, which has been used in other papers. In [19], the 

operating point is calculated from the voltage and current 

phases and then controlled by a variable capacitor. In [20], 

the transmitter side input current harmonics are sensed to 

solve the expressions. The latest strategies estimate these 

parameters by monitoring primary variables, but need to 

communicate with the secondary active rectifier to switch 

between short-circuit and open-circuit [21]. 

The design strategy proposed in this paper is to operate at 

resonance, at a constant or near-constant frequency, and to 

regulate the output voltage before the charger with a primary 

pre-regulator. The coupling and the equivalent resistance are 

estimated to calculate transfer function between input and 

output. Constant output value is obtained with the pre-

regulator and the transfer function. Further details are given 

in section IV. First, the modeling process is described in 

detail. 

III. MODELING A BASIC COMPENSATION TANK 

Within the basic resonators, the most efficient topologies 

are series-series (SS) and series-parallel (SP). Fig. 2 shows 

the equivalent SS circuit with the parasitic resistances of the 

coils (𝑅1  and 𝑅2) and the equivalent resistance (𝑅𝐴𝐶 ). The 

main advantages over other topologies are their simplicity 

and efficiency, which are suitable for the designed 

architecture. These resonant tanks ease the modeling of the 

circuit, since the compensation (1) is independent of the 

coupling factor (𝑘) and 𝑅𝐴𝐶  [1]. 

 
𝜔𝑟1

2 =
1

𝐿1𝐶1

 () 

 
Fig. 2.  A series – series basic topology 

As shown in the introduction, coupling and load resistance 

are the parameters that modify the operating point. The 

coupling affects the mutual inductance (𝑀), which depends 

on 𝐿1  and 𝐿2  by the coupling factor 𝑘  (2). 𝑅𝐴𝐶  is the 

equivalent of the load resistance (𝑅𝐿) and the rectifier. 𝑅𝐿 

depends on the power transmitted in the battery charge as 

shown in (3). The rectifier and conditioning circuits 

determine the factor between them. 

 𝑀 = 𝑘√𝐿1𝐿2 () 

 
𝑅𝐴𝐶 ∝ 𝑅𝐿 =

𝑉𝐵𝑎𝑡

𝐼𝐵𝑎𝑡

 () 

The First Harmonic Approximation (FHA) is used for the 

modeling process. The approximation is sufficiently accurate 

for a circuit working close to resonance. In resonance, the 

inductor current and capacitor voltage waveforms are 

sinusoidal [22]. 

The most common time domain equivalent circuit models 

are the M-equivalent, T-equivalent, and ideal transformer 

models [1]. The M model consists of current-controlled 

voltage sources (𝑉1 and 𝑉2) that reflect the effect of one side 

on the other through the current of the tanks (Fig. 3). The 

primary and secondary impedances (𝑍1 and 𝑍2) are marked 

with dashed lines. 
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Fig. 3.  M – equivalent model series – series 

The most important equations of the two basic topologies 

are summarized in TABLE I. The term 𝑍𝑟 shown in Fig. 5 is 

the impedance of the secondary (𝑍2) reflected in the primary. 

From the equations, the time response 𝐺𝑣  of the output 

voltage (𝑉𝑜𝑢𝑡) with respect to the input (𝑉𝑖𝑛) can be obtained. 

𝐺𝑣  depends on the primary and secondary impedances (𝑍1 

and 𝑍2), the operating frequency (𝜔), the mutual inductance 

(𝑀), and the AC resistance (4). 

 

𝐺𝑣 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

=
𝐼𝑜𝑢𝑡𝑅𝐴𝐶

𝑉𝑖𝑛

=
𝑗𝜔𝑀

𝑍1𝑍2 + 𝜔2𝑀2
𝑅𝐴𝐶 () 

Analytically, the influence of coupling and load can be 

seen in Fig. 4. The plots correspond to SS compensation at a 

frequency of 500 kHz. 𝐺𝑣  increases with load and decreases 

with coupling. The challenge with resonant converters is to 

maintain the output voltage as the operating point changes. 

 
a) 

 
b) 

Fig. 4.  Evolution of the 𝐺𝑉 transfer function for a) Rac = 5Ω and variable k 

and b) k = 0.2 and variable load 

TABLE I.  BASIC EQUATIONS OF SS AND SP TOPOLOGIES 

M - 

Model 
Series – Series Serie – Parallel 

𝑍1 𝑅1 + 𝑗 (𝜔𝐿1 −
1

𝜔𝐶1

) 

𝑍2 𝑅2 + 𝑅𝐴𝐶 + 𝑗 (𝜔𝐿2 −
1

𝜔𝐶2
) 𝑅2 + 𝑗𝜔𝐿2 +

𝑅𝐴𝐶

1 + 𝑗𝜔𝐶2𝑅𝐴𝐶

 

𝑍𝑟 
(𝜔𝑀)2

𝑍2

 

𝐼1 
𝑉𝑖𝑛

𝑍1 + 𝑍𝑟

 

𝐼2 
𝑗𝜔𝑀

𝑍1𝑍2 + 𝜔2𝑀2
𝑉𝑖𝑛 

𝐼𝑜𝑢𝑡 𝐼2 𝐼2 ·
1

1 + 𝑗𝜔𝐶2𝑅𝐴𝐶

 

𝑉𝑜𝑢𝑡 𝐼𝑜𝑢𝑡𝑅𝑎𝑐 

𝐺𝑣 
𝑗𝜔𝑀

𝑍1𝑍2 + 𝜔2𝑀2
𝑅𝐴𝐶 

𝑗𝜔𝑀

𝑍1𝑍2 + 𝜔2𝑀2

𝑅𝐴𝐶

1 + 𝑗𝜔𝐶2𝑅𝐴𝐶

 

IV. DESIGN OF THE ARCHITECTURE 

Using the transfer function 𝐺𝑣  as a reference, the input 

voltage controls the system to regulate the output voltage. 

The resonance is assumed to be constant, which means that 

the capacitors and coils are fixed parameters. Therefore, the 

resonant frequency is not altered in order to operate at 

maximum efficiency. In the following sections, the designed 

architecture is explained, and the simulation results are 

shown.  

A.  Series – Series Class E with a full bridge rectifier 

The inverter, resonant tank and rectifier topologies have 

been selected for low-medium power applications such as 

biomedical devices, drones and mobile phones. The Class E 

inverter is suitable for higher frequencies as it is able to 

operate in the Zero Voltage Switching range. It reduces the 

size of the system without compromising efficiency [23]. The 

SS tank and full diode rectifier were also chosen for its simple 

design that simplify modeling. 

 

Fig. 5.  Class E SS circuit with reflected impedance (𝑍𝑟) 

Fig. 5 shows the class E inverter consisting of a choke coil 

(𝐿𝑐ℎ), a shunt capacitor (𝐶𝑠ℎ) in resonance with each other 

and a single transistor (𝑄1 ). For the design purposes, the 

secondary is considered as an impedance reflected in the 

primary (𝑍𝑟). The reactive impedance of 𝑍2can be assumed 

to be zero, as operation is at the resonant frequency. Thus, 𝑍𝑟 

is approximately (𝜔𝑀)2/(𝑅𝐴𝐶 + 𝑅2) .  𝑅𝑜𝑢𝑡  is the reflected 

resistance together with 𝑅1 (5). 

 

𝑅𝑜𝑢𝑡 = 𝑍𝑟(𝜔𝑟) + 𝑅1 =
(𝜔𝑀)2

𝑅𝐴𝐶 + 𝑅2

+ 𝑅1 () 

Firstly, solving the equations from [24], resonance 

frequency for 𝐿𝑐ℎ  and 𝐶𝑠ℎ  (𝜔ℎ ) needs to be approximately 

1.29  times the operating frequency 𝜔𝑟  to achieve Zero 

Voltage Switching. Secondly, the parameter 𝐴𝑓 is a design 

factor that is normally equal to 1.3 to balance resonance 

losses and load modulation range [23]. The two design 

equations (6) and (7) are used to calculate 𝐿𝑐ℎ and 𝐶𝑠ℎ. 

 

𝜔ℎ = 1/√𝐿𝑐ℎ𝐶𝑠ℎ = 1.29𝜔𝑟 () 

 
𝐴𝑓 =

√𝐿𝑐ℎ/𝐶𝑠ℎ

𝑅𝑜𝑢𝑡  
 () 

According to [25], the effect of inverter impedance must be 

corrected to achieve load independence. The residual 

reactance 𝑋ℎ  due to the above frequency shift has to be 

considered to calculate the tank. Solving the integrals from 

[25] at fixed duty cycle, the value 𝑋ℎ respect 𝑗𝜔𝐿𝑐ℎ can be 

used to calculate 𝐶1 by setting 𝐿1 at resonance frequency (8).  
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𝑗𝜔𝑟𝐿1 +

1

𝑗𝜔𝑟𝐶1

= 𝑋ℎ 
() 

It is important to note that the model and expressions are 

under the fundamental component approximation. The input 

and output voltages are non-sinusoidal signals, including the 

inverter and rectifier. When working at resonance, the non-

fundamental components are filtered out, and the current and 

voltage in the coils are completely sinusoidal. However, the 

RMS values are considered to reflect the value for the 

expression.  

The equivalent resistance 𝑅𝐴𝐶  concerning the full bridge 

rectifier is: 

 
𝑅𝐴𝐶 =

8

𝜋2
𝑅𝐿 =

8

𝜋2

𝑉𝐵𝑎𝑡

𝐼𝐵𝑎𝑡

 
() 

B.  Control loop process 

From TABLE I, an expression dependent on 𝑅𝐴𝐶  and 𝑘 

can be cleared with primary variables (10). The aim is to 

determine the value of these parameters to identify the 

operating point of the system. Once the transfer function is 

known, the battery voltage can be regulated by modifying the 

DC voltage. 

 
𝐼1 =

𝑉𝑖𝑛

𝑍1 +
𝜔2𝑀2

𝑍2

≈
𝑉𝐷𝐶

𝑅1 +
𝜔2(𝑘 √𝐿1𝐿2)

2

𝑅2 + 𝑅𝐴𝐶

 
() 

The first step is to sense the primary current and the DC 

input voltage, giving information for the equation. However, 

there are two unknown factors (𝑅𝐴𝐶  and 𝑘) and only one 

equation. As it is not possible to access the secondary 

information because it is one of the system's restrictions, it 

was decided to perform a previous calibration stage.  

Pre-calibration allows the uncertainty of the coupling to be 

resolved when connecting the charger. Once k is known, the 

voltage is regulated during battery charging. 

The flowchart with the complete system process is 

depicted in Fig. 6. First, the system is connected by coupling 

the coils, i.e., the drone is parked. It starts by sensing voltage 

and current to proceed with the first stage, the calibration. At 

this stage, a known resistor 𝑅𝑐𝑎𝑙  is connected in place of the 

battery (or the battery charger). In this case, there is only one 

unknown parameter: the coupling. 𝑘  is calculated with 

equation (11), cleared from (10), once the system is 

stabilized. Since the operating point is unknown, an arbitrary 

𝑉𝐷𝐶 is set from 𝐺𝑣  for the start of the charger. 

 

𝑘 =
√

(𝑅2 + 𝑅𝑐𝑎𝑙) (
𝑉𝐷𝐶(𝑡)
𝐼1(𝑡)

− 𝑅1)

𝜔2𝐿1𝐿2

 
() 

Calibration time is set according to the pre-regulator 

dynamics regulator. After the calibration time has elapsed, 

the load regulation stage is next. 𝑅𝑐𝑎𝑙  is switched off, and the 

load is switched on. Now the only unknown parameter in 

equation (10) is 𝑅𝐴𝐶 , which can be obtained then by (12). 

 
𝑅𝐴𝐶 =

𝑘2𝐿1𝐿2𝜔2

𝑉𝐷𝐶(𝑡)
𝐼1(𝑡)

− 𝑅1

− 𝑅2 
() 

Once the operating point of the system is known, the 

output voltage can be regulated from the expression 𝐺𝑣  (4).  

 

Fig. 6.  Flow chart of the estimation process 

The regulation strategy to control the output is to use this 

pre-regulator which can be a simple buck converter. This pre-

regulator buck converter supplies the inverter with the 

calculated reference voltage in order to have the charging 

voltage at the output. Then, the idea is to adjust the reference 

voltage to obtain the required 𝑉𝐷𝐶. 

Using the resistor network (𝑅1, 𝑅2 and 𝑅3) at the feedback 

input (𝑉𝐹𝐵), a linear relationship between the reference (𝑉𝑟𝑒𝑓) 

and the buck converter voltage (𝑉𝐷𝐶) can be obtained from 

(13). The pre-regulation circuit is shown in Fig. 7. 

 

𝑉𝐷𝐶 = −
𝑅1

𝑅3

𝑉𝑟𝑒𝑓 + 𝑉𝐹𝐵 (1 +
𝑅1

𝑅2

+
𝑅1

𝑅3

) () 

  

Fig. 7.  Variable voltage Buck Pre - Regulator 

To summarize, there are two operation modes. The first 

mode aims to calibrate the system using a known calibration 

resistance called the calibration stage. The second mode is the 

charging stage, which consists of the system's control during 

battery charging. To test the feasibility, the complete 

architecture has been simulated. 

 

Fig. 8.  Closed-loop control by the estimation process 
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Fig. 9.  Simulation results of a 𝑓 = 500 𝑘𝐻𝑧 and 𝑅𝐿 = 10 Ω at different coupling factors. Calibration stage figures of a) coupling estimation and b) relative 

coupling error. Charging stage figures of c) output voltage and d) relative voltage error.  

The implemented control loop in the simulation (Fig. 8) 

starts with sensing the signals 𝑉𝐷𝐶  and 𝐼1 . Then the 

expressions are processed to estimate the coupling and the 

load depending on the stage. With the transfer function 𝐺𝑉 

and 𝑉𝐷𝐶 , the estimated battery voltage 𝑉𝐵𝑎𝑡𝑒𝑠𝑡
 can be 

determined. Compensating for the error of 𝑉𝐵𝑎𝑡𝑒𝑠𝑡
 with 

respect to the desire 𝑉𝐵𝑎𝑡𝑟𝑒𝑓
 provides the 𝑉𝑟𝑒𝑓  required to 

control the pre-regulator. From this 𝑉𝑟𝑒𝑓  voltage, the buck 

supplies the system with the 𝑉𝐷𝐶 required to obtain 𝑉𝐵𝑎𝑡𝑟𝑒𝑓
. 

V. SIMULATION RESULTS 

The simulated circuit includes the buck converter, the class 

E inverter, the resonant tanks, the rectifier, and a load 𝑅𝐿 

equivalent to the power consumed by the battery. The control 

loop includes current and voltage sensing for 𝑉𝐷𝐶  and 𝐼1, a 

block of operations and expressions, the regulator, and the 

buck reference resistor network. 

The software used for the simulation is PSIM. The system 

was first simulated with constant resistance 𝑅𝐿 = 10  and 

different couplings. The simulation results of the circuit with 

the estimation control are shown in Fig. 9. 

A. Calibration Stage 

The simulations have been performed by varying the 

coupling in the range of 0.25 to 0.5. The system is started up 

in the open loop during the calibration stage. The voltage and 

current are monitored long enough for the coupling 

calculation to stabilize. In Fig. 9a), the coupling estimation 

𝑘 has a calibration time of 3 ms, although in the simulations 

performed it has been less than 5 ms.  For this architecture, 

the value is obtained with an error of less than 3 %, Fig. 9b).  

This design's calculation range is limited between 0.25 and 

0.5, due to the class E design conditions. It also depends on 

the compensator and the buck converter, so they must be 

designed according to the system specifications. 

B. Charging Stage 

During charging,. Fig. 9c) shows how the coupling 

estimate affects the chaging output voltage calculation. The 

voltage remains regulated at the set voltage of 5 V with an 

error of less than 3.1 % at couplings close from 0.25 to 0.5, 

Fig. 9d). 

Different states of charge of the battery were also 

simulated with different resistance steps. The simulation 

results in Fig. 10 show the regulation in different output 

power states. After calibration at 5 ms, the charging stage 

starts with an 𝑅𝐿 = 10Ω. Then a step of 3 · 𝑅𝐿 and 1.5 · 𝑅𝐿 

has been introduced.. The system regulates the voltage to the 

designed 5V. It is important to consider, as with the coupling, 

that the range of power regulation is dependent on the design 

parameters of the regulator and the range of buck voltages it 

is capable of supplying.  

 

Fig. 10.  Output voltage for different load conditions for 𝑘 = 0.3  

a   

Cali ration stage

Charging stage

c d 

           

     

             

            



VI. CONCLUSION 

A review of architectures designed for wireless charging 

systems in low to medium power applications such as 

biomedical or drones has been conducted. The proposed 

classification has been divided according to the location of 

the control and the communication strategy used.  

A control architecture has also been proposed based on a 

primary side with any communication with the secondary 

side and with a simplified control system. 

The basic SS compensation was modeled from this 

architecture. In addition, the design process of the charging 

system with class E inverter and full bridge, topologies used 

in pacemakers or drones, has been included. 

The estimation calculated by the proposed architecture has 

been quite accurate (less than 3%) over a wide coupling factor 

𝑘  range. It allows the transfer function to be accurately 

calculated and the voltage to be regulated from the input (less 

than 3% error). 

Future work would include implementing this system in a 

prototype drone charging station to ensure estimation outside 

the simulation. 
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