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Abstract 

 

The control design of inductive power transfer (IPT) systems has attracted a lot of attention in the field of wireless power 
transmission. Due to the high-order resonant networks and multiple loads in IPT systems, a simplified model of an IPT system is 
preferred for analysis and control design, and a controller with strong robustness is required. Hence, an active disturbance 
rejection control (ADRC) for IPT systems is proposed in this paper. To realize the employment of ADRC, firstly a small-signal 
model of an LC series-compensative IPT system is derived based on generalized state-space averaging (GSSA), then the ADRC 
is implemented in the designed IPT system. The ADRC not only provides superior robustness to unknown internal and external 
disturbances, but also requires few knowledge of the IPT system. Due to the convenient realization of ADRC, the designed IPT 
system retains its simple structure without any additional circuits. Finally, a frequency domain analysis and experimental results 
have validated the effectiveness of the employed ADRC, especially its robustness in the presence of frequency drifts and other 
common disturbances. 
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I. INTRODUCTION 

Inductive power transfer (IPT) systems (see Fig. 1) are 
widely employed to deliver power to loads over a relatively 
large air gap via magnetic coupling. This technology has been 
applied in home appliances [1], [2], implantable devices [3], 
[4], and electrical vehicles [5]-[7]. The control design of IPT 
systems has always been a key issue in previous research, 
most of which focused on the power transfer capability and 
the output voltage controllability at the Rx side [8]-[11]. 
Generally, both Tx sidee and Rx side of a IPT system require 
a controller [12], [13], which results in a complex control 
strategy for the IPT system. To facilitate the information 
synchronization between Tx and Rx sides, some researchers 

have tried to implement communication by frequency-shift 
keying (FSK) and magnitude-shift keying (ASK) [14], an 
auxiliary coil in the pick-up side [15], or the use of transfer 
coupling coils [16]. However, these design methods have 
complicated system structures and consume significant 
resources. To deal with these issues, some intelligent techniques, 
such as an improved ant colony algorithm, adaptive sliding- 
mode control, particle swarm optimization, and PID controller 
tuning by neural networks, have been proposed for IPT 
systems [17]-[20]. However, these intelligent methods just 
shift the complication of the control design from hardware to 
software. In addition, they always suffer from tedious codes. 

Some previous studies have focused on research of the Tx 
side, such as the influence analysis of Tx coils [21], robust Tx 
design [22], and constant primary current operation [23]. The 
stability and robustness of the Tx side deserves more research, 
especially for dynamic EV charging systems [24], [25], which 
require independence of the Rx side. Therefore, a method to 
enhance the robustness of IPT systems is a key point of the 
involved control design. 
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Fig. 1. Typical IPT system. 

 
In light of the above-mentioned issues, an active disturbance 

rejection control (ADRC) method is presented for IPT systems 
in this paper. Considering high-order resonant networks, it is 
always difficult to obtain accurate non-linear models of IPT 
systems. Consequently, dynamic models for IPT systems 
have been developed based on state space [26], [27], and a 
simplified current model is drawn for the employment of 
ADRC. In the literature, there are two common types of 
current modeling methods, discrete time-mapping modeling 
[28], and generalized state-space averaging (GSSA) modeling 
[29]. Because GSSA can transform a nonlinear model in the 
time domain into a linear state space model in the frequency 
domain, this method is particularly suitable for the control 
design of full resonant converters [30], [31]. 

Hence, a small-signal model of a typical IPT system is 
derived on the basis of GSSA in this paper. Then the detailed 
design process of the ADRC and a robustness analysis of the 
close-loop system are presented. Converting all of the Rx side 
circuits as a reflected voltage to the Tx side, the ADRC is 
only employed in the Tx side controller of an IPT system, 
which simplifies the design of controller. Moreover, due to 
the convenient realization of the ADRC, the designed IPT 
system retains its simple structure without any additional 
circuits. Finally, the effectiveness of the proposed ADRC has 
been demonstrated through experimental results. Since the 
ADRC only requires a little knowledge of the controlled IPT 
system, it can be applied to any IPT systems with the typical 
structure shown in Fig. 1, such as the dynamic EV charging 
systems. 

 

II. PRELIMINARY 

A. Generalized State-Space Averaging 

To realize the dynamic control of ADRC, a small-signal 
linear model should be derived to approximate the nonlinear 
part of an IPT system. Both generalized state-space averaging 
(GSSA) [32] and state-space averaging (SSA) have been 
widely applied to derive small-signal models of pulse-width 
modulated power converters. Since SSA is inapplicable to 
calculating the AC state variables of the illustrated IPT 
system, GSSA is adopted to derive the small-signal model in 
this paper. It is worth mentioning that GSSA is based on the 
fact that a given waveform (ݐ)ݔ in the interval (ݐ − ܶ,  [ݐ
can be approximated with any desired accuracy by using a 

complex Fourier series expression as: ݐ)ݔ → ܶ + ߬) = ∑ e୨௞ఠ(௧ି்ାఛ)௞(ݐ)௞〈ݔ〉         (1) 

where the sum is over all of the integers k, ߱ = 2π/T, ߬ ∈(0, ܶ] , ܶ  corresponds to the period of the fundamental 
harmonic, and 〈ݔ〉௞ is the ݇௧௛ complex Fourier coefficient, 
which is determined by: 〈ݔ〉௞(ݐ) = ଵ் ׬ ݐ)ݔ − ܶ + ߬)eି୨௞ఠ(௧ି்ାఛ)d߬଴்       (2) 

The objective of GSSA is to determine an appropriate 
state-space model in which the coefficients in Equ. (2) are 
state variables. Assume that the time-domain nonlinear 
differential model of a typical converter system is shown as: ௗௗ௧ (ݐ)ݔ = ݂൫(ݐ)ݔ,  ൯    (3)(ݐ)ݑ

where (ݐ)ݔ = ,ଵݔ] ⋯,ଶݔ , ்[௜ݔ are the state variables and (ݐ)ݑ = ,ଵݑ] ⋯,ଶݑ , [௜ݑ  is the input. Based on the time 
derivative characteristics, Equ. (3) can be derived as: ௗௗ௧ (ݐ)௞〈ݔ〉 = 〈݂൫(ݐ)ݔ, (ݐ)൯〉௞(ݐ)ݑ −  (4)  (ݐ)௞〈ݔ〉݆߱݇

Linearizing 〈݂൫(ݐ)ݔ, (ݐ)൯〉௞(ݐ)ݑ  by the convolution 

characteristics, Equ. (4) can be derived as a state-space 
model: ௗௗ௧ (ݐ)ݔ = (ݐ)ݔ࡭ +  (5)     (ݐ)ݑ࡮

where (ݐ)ݔ can be represented as the real part and imaginary 
part separately. Then state matrix ࡭ and input matrix ࡮ can 
be obtained by solving Equ. (5). Hence, given the nonlinear 
differential model of the resonant converter in the time 
domain, the GSSA model can be derived as a state-space 
model with the state variables represented by complex 
Fourier components. It is important to note that the inputs and 
outputs of the GSSA model are the RMS values of actual 
signals averaged over a period defined by ݇ܶ. Unlike SSA, 
GSSA is not subject to the assumption that input variables 
vary slowly [33]. Consequently, GSSA can be applied to the 
modeling and analysis of a lot more kinds of IPT systems. 
Especially, the GSSA method is suitable for low-order 
(below 5th) resonant converters [29]. 

B. Active Disturbance Rejection Control 

Active disturbance rejection control (ADRC) was first 
proposed by Professor Han to combine the advantages of PID 
control and modern control theory [34]. By estimating the 
total system disturbances, ADRC compensates the system with 
linear or nonlinear feedback in real-time. The framework of 
ADRC is shown in Fig. 2, where ܺ is the reference input, ݖଵ,  ଷ are the estimated state variables, ܾ଴ is theݖ ଶ andݖ	
compensation factor, and y is the output. ADRC generally 
consists of a transient process, an extended state observer 
(ESO), a disturbance compensation unit and a control law.  
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Fig. 2. Framework of ADRC. 

 
The constraints and the order of the controlled plant should 
be considered to design a suitable transient process [34], 
which is relatively complex for IPT systems. Hence, the 
transient process is not used in the proposed ADRC for IPT 
systems in this paper. 

1) Extended State Observer 
Generally, an extended state observer (ESO) is adopted to 

estimate the state variables of the considered system. Denote ݂(ݔଵ, ,ଶݔ  as an unknown disturbance of a second-order (ݐ
system that needs to be estimated. Then the third-order ESO 
can be obtained as: 

൞ ݁ = ଵݖ − ሶଵݖݕ = ଶݖ − β଴ଵ݃ଵ(݁)ݖሶଶ = ଷݖ − β଴ଶ݃ଶ(݁) + ܾ଴ݖݑሶଷ = −β଴ଷ݃ଷ(݁)       (6) 

where ݖଵ, ݖଶ and ݖଷ are the estimated state variables of ݔଵ, ݔଶ and ݂(ݔଵ, ,ଶݔ respectively. With suitable parameters β଴ଵ ,(ݐ , β଴ଶ , β଴ଷ  and functions ݃ଵ(݁) , 	݃ଶ(݁) , ݃ଷ(݁) , the 
steady-state error ݁  can be negligible, and the unknown 
disturbance ݂(ݔଵ, ,ଶݔ  .can be estimated by the ESO (ݐ

2) Disturbance Compensation and Control Law 
As mentioned above, to eliminate the influence of the 

disturbance ݂(ݔଵ, ,ଶݔ  ଷ is adopted asݖ the extended state ,(ݐ
a negative feedback to the control system as shown in Fig. 2. 
Thus, the disturbance can be compensated as: ݑ = ௨బି௭య௕బ                    (7) 

Assuming ݖଷ ≈ ,ଵݔ)݂ ,ଶݔ (ݐ , the second-order system 
becomes an integrators series system ݔሷ ≈ ܾ଴ݑ଴. After that, a 
PID controller or a nonlinear control law can be adopted as 
the control law to achieve acceptable performance. In 
summary, ADRC does not depend on an accurate system 
model, and it considers all unknown components as 
disturbances to be estimated and compensated. Hence, ADRC 
is particularly suitable for the illustrated IPT system, whose 
accurate mathematic model is difficult to derive due to the 
nonlinear part of the system. 

 

III. ACTIVE DISTURBANCE REJECTION CONTROL 

BASED INDUCTIVE POWER TRANSFER SYSTEM 

The LC series resonant tank, which is susceptible to 
external disturbances, such as load variations and frequency 

R

CL

1V
2V

 
Fig. 3. Simplified model of an IPT system with an LC series Tx 
resonant tank. ଵܸ is the input AC voltage source, L and C are 
the resonant inductor and capacitor, respectively, and R is the 
equivalent resistance of the Tx circuit. The effect of the receiver 
is abstracted as a reflected voltage ଶܸ. 

 
drifts, is considered in the designed IPT system. By applying 
ADRC to an IPT system with an LC series resonant tank in 
the transmitting (Tx) circuit, this section aims to derive the 
structure of the IPT system with integrated ADRC and to 
verify the robustness of the close-loop system. A small-signal 
model of the IPT system is derived from a GSSA model. 
Then the design and an analysis of the developed ADRC 
controller are presented. 

A. Small-Signal Model of an IPT System 

It should be mentioned that, in IPT systems, the receiving 
(Rx) circuit structure including a secondary controller, the 
coupling coefficient or load may change in different situations. 
Hence, a conventional small-signal model considering only a 
certain Rx topology is not suitable for IPT systems. In fact, 
the influence of the Rx circuit on the transmitter side is 
equivalent to a reflected voltage in the Tx coil [26], [31], 
which can be considered as a disturbance when modeling the 
Tx circuit. In this way, the modeling of the Tx circuit is 
independent of the receiving circuit topology. A simplified 
model of the IPT system can be obtained as shown in Fig. 3. 

Despite the Rx circuit structure, an AC inductive voltage ଶܸ generated in the Tx coil is used to represent the influence 
of the Rx circuit on the Tx side. From Fig. 3, differential 
equations of the LC series-compensative IPT system can be 
achieved as: 

ቐ ଵܸ݃݅ݏ[sin(߱ݐ)] = ܴ݅௅(ݐ) + ܮ ௗ௜ಽ(௧)ௗ௧ + ௖ܸ(ݐ) + ଶܸ sin(߱ݐ + ܥ(ߠ ௗ௏೎(௧)ௗ௧ = ݅௅(ݐ)    (8) 

where the AC input voltage ଵܸ, generated by switch actions 
of the inverter, is actually a square signal, which is presented 
as a combination of the sign function (ݔ)݃݅ݏ and the sine 
function sin(ݔ). Assuming that the Tx and Rx circuits are 
working at the resonant frequency, all of the voltages and 
currents, including the inductive voltage 	 ଶܸ , can be 
represented as sinusoidal values. In addition, ߠ is the phase 
difference between ଵܸ and ଶܸ. Replace the variables of Equ. 
(8) with their complex Fourier series representations as: ݅௅(ݐ) = ∑ 〈݅௅〉௞(ݐ)݁୨௞ఠబ௧ାஶ௞ୀିஶ (ݐ)௖ݒ , = ∑ ୨௞ఠబ௧ାஶ௞ୀିஶ݁(ݐ)௞〈௖ݒ〉 [(ݐ߱)sin]݃݅ݏ  ≈ − ଶ୨గ , sin(߱ݐ + (ߠ ≈ ௏మଶ (−jcosߠ + sin(9) (ߠ 



Design of Active Disturbance Rejection Control for …                             1437 
 

where ߱଴ is the fundamental frequency. Provided that the 
higher order harmonics are negligible, the IPT system can be 
approximately modeled based on fundamental complex 

Fourier components, which correspond to ݇ = −1,+1 . 
Considering the conjugate symmetry of the Fourier series, 〈݅௅〉ଵ = 〈݅௅〉ିଵ , and (ݐ)ଵ〈௖ݒ〉	 = (ݐ)ଵି〈௖ݒ〉 , Equ. (8) can be 

rewritten with the fundamental positive component (݇ = 1) 
as: 

۔ۖەۖ
ۓ ௗௗ௧ 〈݅௅〉ଵ(ݐ) = −jω〈݅௅〉ଵ(ݐ) − ௏మଶ௅ [sinߠ − jcosߠ]												− ቂଶ௏భ୨గ௅ + ଵ௅ 〈݅௅〉ଵ(ݐ)ܴ + ଵ௅ ቃௗௗ௧(ݐ)ଵ〈௖ݒ〉 (ݐ)ଵ〈௖ݒ〉 = −jω〈ݒ௖〉ଵ(ݐ) + ଵ஼ 〈݅௅〉ଵ(ݐ)     (10) 

Denote the real and imaginary parts of 〈݅௅〉ଵ(ݐ)  and 〈ݒ௖〉ଵ(ݐ)  as 〈݅௅〉ଵ୰ୣ(ݐ) , 〈݅௅〉ଵ୧୫(ݐ) (ݐ)ଵ୰ୣ〈௖ݒ〉 ,  and 〈ݒ௖〉ଵ୧୫(ݐ) , respectively. Then the general averaged state 
variables are defined as: ܺ = ,ଵݔ] ,ଶݔ ,ଷݔ = ସ]୘ݔ [〈݅௅〉ଵ୰ୣ(ݐ), 〈݅௅〉ଵ୧୫(ݐ), ,(ݐ)ଵ୰ୣ〈௖ݒ〉  ୘  (11)[(ݐ)ଵ୧୫〈௖ݒ〉

To clearly illustrate the influence of the Rx circuit, sin(ߠ) ଶܸ  and ܿ(ߠ)ݏ݋ ଶܸ  are denoted as ଶܸ୰ୣ  and ଶܸ୧୫ , 
respectively. By substituting Equ. (11) into Equ. (10), the 
GSSA model of the LC series-compensative IPT system can 
be derived as: 

൦ݔሶଵݔሶଶݔሶଷݔሶସ൪ = ێێۏ
−ۍێێ

ோ௅ ω − ଵ௅ 0−ω −ோ௅ 0 − ଵ௅ଵ஼ 0 0 ω0 ଵ஼ −ω 0 ۑۑے
ېۑۑ ൦ݔଵݔଶݔଷݔସ൪ + ێێۏ

ۍێ 0 − ଵଶ௅ 0− ଶగ௅ 0 ଵଶ௅0 0 00 0 ۑۑے0
ېۑ ൥ ଵܸଶܸ୰ୣଶܸ୧୫൩  (12) 

Note that the resonant current is approximated as the sum 
of the fundamental complex Fourier components, which 

correspond to 2〈݅௅〉ଵ(ݐ)ܿ߱ݏ݋଴ݐ . Thus, the magnitude and 
RMS of the resonant current are given by: ݅௧௥௔௖௞ = |݅௅(ݐ)| = 2ඥݔଵଶ +  ଶଶ          (13)ݔ

௧௥௔௖௞ܫ = √2ඥݔଵଶ +  ଶଶ                (14)ݔ

To illustrate the response of the resonant current to a 
disturbance in ଶܸ, a small-signal model of the theoretical 
GSSA model is derived by replacing each of the state 
variables and the input to the GSSA model with their 
steady-state and small disturbance terms as: ݔ௡ = ௡,ୱୱݔ + ,෤௡ݔ (݊ = 1, 2, 3, 4)       (15) 

௠ܸ = ௠ܸ,ୱୱ + ෨ܸ௠, (݉ = 1, 2)        (16) 

Substituting Equ. (15) and Equ. (16) into Equ. (12), the 
derived small-signal model is: 

ێێێۏ
ۑۑے෤ሶସݔ෤ሶଷݔ෤ሶଶݔ෤ሶଵݔۍ

ېۑ =
ێێۏ
−ۍێێ

ோ௅ ω − ଵ௅ 0−ω −ோ௅ 0 − ଵ௅ଵ஼ 0 0 ω0 ଵ஼ −ω 0 ۑۑے
ېۑۑ ൦ݔ෤ଵݔ෤ଶݔ෤ଷݔ෤ସ൪ + ێێۏ

ۍێ 0 − ଵଶ௅ 0− ଶగ௅ 0 ଵଶ௅0 0 00 0 ۑۑے0
ېۑ ቎ ෨ܸଵ෨ܸଶ௥௘෨ܸଶ௜௠቏  (17) 

The magnitude and RMS of the resonant current are also 
represented in small-signal forms as: ଓ୲̃୰ୟୡ୩ = ଶ௫భ,౩౩ට௫భ,౩౩మ ା௫భ,౩౩మ ෤ଵݔ + ଶ௫మ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ  ෤ଶ         (18)ݔ

ሚ୲୰ୟୡ୩ܫ = √ଶ௫భ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ ෤ଵݔ + √ଶ௫మ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ  ෤ଶ         (19)ݔ

The derived small-signal model of the LC series- 
compensative IPT system describes how the resonant tracking 
current responds to a disturbance in ଶܸ , and these RMS 
values are all averaged over a resonant period. 

B. IPT System with ADRC 

To apply ADRC to an LC series-compensative IPT system, 
the control object of the small-signal model should be RMS 
values and expressed in the form of Equ. (11). For IPT 
systems, the resonant current represents the injected power to 
the Tx tank, and its robustness confirms the stability of the 
whole system, both of which were the focus of previous 
studies [12], [15], [31]. Moreover, control of the RMS value 
of the resonant current can ensure a stable power output from 
the Tx tank to the Rx side, and it would not be affected by 
different Rx circuits or loads. Therefore, the RMS value of 
the resonant current was chosen as the control object of the 

ADRC in this paper. Assume that ݕ =  ሚ୲୰ୟୡ୩, and calculateܫ
the derivation of Equ. (19) as: ݕሶ = √ଶ௫భ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ ෤ሶଵݔ + √ଶ௫మ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ  ෤ሶଶ       (20)ݔ

Substituting Equ. (17) into Equ. (20) yields: ݕሶ = ଵ,ୱୱଶݔଵ,ୱୱටݔ2√ + ଶ,ୱୱଶݔ [ωݔ෤ଶ − ܮ1 ෤ଵܴݔ) + (෤ଷݔ − ෨ܸଶ୰ୣ2ܮ ] + 

√ଶ௫మ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ [−ωݔ෤ଵ − ଵ௅ (ଶ௏෩భగ + ෤ଶܴݔ + (෤ସݔ + ௏෩మ౟ౣଶ௅ ] (21) 

Based on ADRC, the unknown parameters, state variables, 
and disturbances are regarded as equivalent disturbances. In 
Equ. (21), the known input voltage ଵܸ acts as the control 
input, which aims to eliminate perturbations of the RMS 
resonant current caused by disturbances, that is 0=ݕ. Then 
Equ. (21) is rewritten as: ݕሶ = ݂൫ݔ෤ଵ, ,෤ଶݔ ,෤ଷݔ ,෤ସݔ ଶܸ୰ୣ, ଶܸ୧୫, ,ଵ,ୱୱݔ ଶ,ୱୱ൯ݔ − ଶ√ଶ௫మ,౩౩గ௅ට௫భ,౩౩మ ା௫మ,౩౩మ ଵܸ    (22) 

1) Extended State Observer 
In this subsection, a second-order ESO is established for 
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the controlled object shown in Equ. (22) as: 

൝ ݁ = ଵݖ − ሶଵݖݕ = ଶݖ − ଵ݁ߚ + ܾ଴ ଵܸݖሶଶ = ଶ݁ߚ−   (23) 

where ߚଵ  and ߚଶ  are gain factors that are adjustable, ܾ଴ = ଵ,ୱୱଶݔටܮߨ)/ଶ,ୱୱݔ2√2− + ଶ,ୱୱଶݔ )which is the compensation 

factor. Transferring Equ. (23) into the state space representation 
yields: ൤ݖሶଵݖሶଶ൨ = ൤−ߚଵ ଶߚ−1 0൨ ቂݖଵݖଶቃ + ൤ߚଵ ܾ଴ߚଶ 0 ൨ ቂ  ଵቃ       (24)ݕܸ

Thus, the transfer functions of Equ. (24) can be achieved 
as: ݖଵ(ݏ) = ௦ఉభାఉమ௦మା௦ఉభାఉమ ܻ(s) + ௕బ௦௦మା௦ఉభାఉమ ଵܸ(ݏ)      (25) ݖଶ(ݏ) = ௦ఉమ௦మା௦ఉభାஒమ ܻ(s) − ௕బఉమ௦మା௦ఉభାఉమ ଵܸ(ݏ)      (26) 

According to the parameter tuning guidance of ADRC 
proposed by Prof. Gao Zhiqiang [35], ߚଵ and ߚଶ can be 
expressed as functions of the bandwidth of the ESO ߱ୠ, i.e. ߚଵ = 2߱ୠ and ߚଶ = ߱ୠଶ. Then the characteristic equations of 
Equ. (25) and Equ. (26) are in the form of (ݏ + ߱ୠ)ଶ to 
ensure the stability of the ESO. 

2) Disturbance Compensation and Control Law 
According to Part B of section II, the estimated value of an 

unknown disturbance ݂൫ݔ෤ଵ, ,෤ଶݔ ,෤ଷݔ ,෤ସݔ ଶܸ୰ୣ, ଶܸ୧୫, ,ଵ,ୱୱݔ ଶ,ୱୱ൯ݔ , 

that is ݖଶ(ݏ), is fed back into the ADRC based system for 
compensating the unknown disturbance as: (ݏ)ݑ = ௨బ(௦)ି௭మ(௦)௕బ   (27) 

It is worth noting that there is only one feedback signal ݖଵ(ݏ)  to the controller part, and that the controlled IPT 
system is transferred into a first-order pure integral system 
with the ESO and disturbance compensation unit. Hence, the 
P controller is sufficient to apply as a control law. Based on 
Equs. (25)-(27), the framework of the LC series- compensative 
IPT system with ADRC can be derived as shown in Fig. 4. In 

this figure, ܳଵ(ݏ) = ௕బ௦௦మା௦ఉభାఉమ , ଵܲ(ݏ) = ௦ఉభାఉమ௦మା௦ఉభାఉమ , ܳଶ(ݏ) =௕బఉమ௦మା௦ఉభାఉమ, ଶܲ(ݏ) = ௦ఉమ௦మା௦ఉభାఉమ, and K is the proportional-gain 

of the P controller. ܩ௜(s) is the transfer function from the 
voltage ௜ܸ(ݏ) to the RMS value of the resonant current Y(s), 
and is given by: ܩ௜(s) = ܣ ௫෤భ௏෩೔(௦) + ܤ ௫෤మ௏෩೔(௦) , (݅ = 1,2re, 2im)  (28) 

where ܣ = √ଶ௫భ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ ܤ , = √ଶ௫మ,౩౩ට௫భ,౩౩మ ା௫మ,౩౩మ , and the transfer 

functions 
௫෤భ௏෩೔(௦) and 

௫෤మ௏෩೔(௦) can be derived from Equ. (17) by (ݏ)ܩ = ܫݏ)ܥ − ܤଵି(ܣ + ܦ . From Fig. 4, the transfer 
function from ݑ଴(s) to Y(s) is: 
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Fig. 4. Framework of an LC series-compensative IPT System 
with ADRC. 
(ݏ)௖ܩ  = ௒(௦)௨బ(ୱ) = ீభ(௦)௕బିொమ(௦)ା௉మ(ୱ)ீభ(௦)       (29) 

The transfer function from (ݏ)ܧ to ݖଵ(ݏ), which is the 
feedback gain, is: ܩ஼ଵ(ݏ) = ௭భ(௦)ா(௦) = ܭ ொభ(௦)ା௉భ(௦)ீభ(௦)௕బିொమ(௦)ାீభ(௦)௉మ(ୱ)        (30) 

Thus, the close-loop transfer function from ܫ୰ୣ୤(ݏ) to Y(s) 
is: ܩ௖௟(ݏ) = ଢ଼(ୱ)ூೝ೐೑(௦) = ௄∙ீ಴(௦)ଵାீ಴భ(௦)      (31) 

Similarly, the transfer function from the disturbance ܦ௜(ݏ) 
of ଶܸ୰ୣ(ݏ) or ଶܸ୧୫(ݏ) to Y(s) is: ܩ஽௜(ݏ) = Y(s)ܦ௜(ݏ) = ௜(s)[ܾ଴ܩ − ܳଶ(s) + ଵ(s)][ܾ଴ܳܭ − ܳଶ(s) + [ଵ(s)ܳܭ + ܭ]ଵ(s)ܩ ଵܲ(s) + ଶܲ(s)], (݅ = 2re, 2im) (32) 

C. Simulation Verification 

To analyze the robustness of the proposed IPT system with 
ADRC, magnitude-frequency curves of the close-loop system 
are drawn with different inductive voltages or frequency drifts. 
Considering the following four different working situations: 

(a) Situation 1: assume that the parameters of the Tx 
resonant tank are ܮ = 100μH, ܥ = 0.1μF and ܴ = 1Ω, the 
magnitude of the input voltage ଵܸ is 100V, the magnitude of 
inductive voltage 	 ଶܸ  is 50V, and the phase difference 
between ଵܸ  and ଶܸ  is ߠ = −20° . The corresponding 
steady-states are ݔଵ,ୱୱ = 22.1  and ݔଶ,ୱୱ = −30.32  as 

calculated by Equ. (12). 
(b) Situation 2: assume that the inductive voltage is 

influenced by load changes, which turns to be ଶܸ = ߠ ,30ܸ = −10° , and the other parameters stay the same as 
situation 1. The corresponding steady-states are ݔଵ,ୱୱ = 20.4 

and ݔଶ,ୱୱ = −39.8. 

(c) Situation 3: assume that the parameters of the Tx 
resonant tank are changed to ܮ = 90.91μH, ܥ = 0.09091μF 
and ܴ = 1Ω, which causes a 10% frequency drift from the 
50kHz working frequency. The inductive voltage remains ଶܸ = ߠ ,30ܸ = −10°. The corresponding steady-states are  
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Fig. 5. Magnitude-frequency curve of ܩଵ(s). 

ଵ,ୱୱݔ  = 5.78 and ݔଶ,ୱୱ = −1.56. 

(d) Situation 4: assume that the parameters of the Tx 
resonant tank is changed to ܮ = 117.65μH, ܥ = 0.11765μF, 
and ܴ = 1Ω, which causes a 15% frequency drift from the 
50kHz working frequency. The inductive voltage is ଶܸ = ߠ ,50ܸ = −10°. The corresponding steady-states are ݔଵ,ୱୱ = −3.87 and ݔଶ,ୱୱ = −0.83. 

Taking all of the parameters of the four situations into Equ. 
(28), Equs. (30)-(32), the transfer function ܩଵ(s), ܩ஼ଵ(ݏ), ܩ௖௟(ݏ) and ܩ஽(ݏ) can be calculated. Then the magnitude- 
frequency curves are drawn. It should be noted that the 
working frequency remains 50kHz in the four situations, the 
bandwidth of the ESO is ߱ୠ = 400π	kHz , and the 
proportional-gain is ܭ = 2000. Fig. 5 shows a magnitude- 
frequency curve of ܩଵ(s), which is the transfer function of 
the IPT system without ADRC. From Fig. 5, when the IPT 
system works on the resonant frequency, the changes of the 
inductive voltage have little influence on the open-loop gain 
of the IPT system.  

However, frequency drifts result in a large decrease of the 
open-loop gain. The larger the frequency drift, the larger the 
decrease of the open-loop gain. Hence, a method to retain the 
robustness of an IPT system with frequency drift is an 
important issue for the IPT systems. Fig. 6 and Fig. 7 show 
the magnitude-frequency curves of ܩ஼ଵ(ݏ)  and ܩ௖௟(ݏ) , 
which are the feedback gain and close-loop transfer function 
of the IPT system with ADRC, respectively. From Fig. 6 and 
Fig. 7, it is obvious that both the feedback gain and the close- 
loop gain remain approximately the same, which verifies that 
ADRC can help the IPT system maintain strong robustness 
against the frequency drift caused by resonant parameters. 

Fig. 8 and Fig. 9 are magnitude-frequency curves of ܩ஽ଶ୰ୣ(ݏ) and ܩ஽ଶ୧୫(ݏ), and they reflect the influence of ଶܸ୰ୣ(ݏ) and ଶܸ୧୫(ݏ) on the resonant current, respectively. 
From Fig. 8 and Fig. 9, it can be concluded that ADRC can 
effectively stabilize the IPT system against perturbations of  

 
Fig. 6. Magnitude-frequency curve of the feedback gain ܩ஼ଵ(ݏ). 

 

 
Fig. 7. Magnitude-frequency curve of the close-loop transfer 
function ܩ௖௟(ݏ). 

 

 
Fig. 8. Magnitude-frequency curve of ܩ஽ଶ୰ୣ(ݏ). 
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Fig. 9. Magnitude-frequency curve of ܩ஽ଶ୧୫(ݏ). 
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Fig. 10. Integral LC series-compensative IPT system with Rx 
circuits and a load. 

 
the inductive voltage. Hence, it suggests that IPT systems 
with ADRC can maintain strong robustness against the 
inductive voltage disturbances caused by different loads in 
practical IPT systems. However, it should be noted that the 
control ability of ADRC is relatively weakened when the 
frequency drift occurs. 

 

IV. EXPERIMENTAL RESULTS 

To validate the performance of the proposed LC series- 
compensative IPT System with ADRC, an Rx resonant circuit 
and a resistive load were employed to construct an integral 
IPT system as shown in Fig. 10. In addition, the constructed 
prototype is shown in Fig. 11. Tx and Rx coils with a 200mm 
inner diameter were fabricated with 1.92mm diameter Litz 
wires. Since the focus of this paper is the robust control of Tx 
resonant current, the air gap between the two coils was set as 
90mm in all of the experiments. 

IGBTs FGA25N120 and rectifier (diodes) KBPC2510 
were employed. The other key parameters of the prototype 
are listed in Table I.  

In practical IPT systems, inductive voltage disturbances 
from loads, changes of the Rx tank capacitors, and frequency 
drift can all be regarded as disturbances in the ADRC control. 
Hence, the proposed ADRC based IPT system is tested under 
step responses, load disturbances, and Rx resonant capacitor 
disturbances. The controlled object, the RMS value of the Tx  

PC
RX CoilsTX Coils

TX Circuit

RX Circuit and LoadAC SupplyControl Circuit
 

Fig. 11. Experimental setup. 
 

TABLE I 
KEY PARAMETERS OF THE EXPERIMENTAL SETUP 

Parameters Value 

AC supply voltage ஺ܸ஼ 90V 

Reference of Tx resonant current ܫ୰ୣ୤ 4A 

Inductance ܮଵ, ܮଶ 2mH 

Capacitors ܥଵ, ܥଶ 940μF 

Tx resonant inductance ܮ୘ 0.1mH 

Tx resonant capacitor ܥ୘ 
0.12μF(46kHz) 
0.1μF(50kHz) 
0.08μF(56kHz) 

Tx resonant resistor ܴ୘ 0.1Ω 

Rx resonant inductance ܮ୰ 0.1mH 

Rx resonant capacitor ܥ୰ 0.1μF 

Rx resonant resistor ܴ୰ 0.1Ω 

Coupling coefficient k 0.19 

Load resistor ܴ୐ 152Ω 

 

resonant current, is calculated through a RMS computing 
filter for AC waveforms and sampled by a DSP F28335. By 
the ADRC control of the DSP, the Tx inverter switches are 
regulated to make the Tx resonant current track the reference. 
For comparison, the same experiments were also conducted 
in an IPT system with PI control. After being well tuned by 
the method in [35], the parameters of ADRC are ߚଵ = ଶߚ ,100 = 3200 , ܾ଴ = 20  and ܭ = 4 (the P controller of the 
control law). The parameters of the PI controller are 
optimized based on the index integral time absolute error 
(ITAE). That is, the proportional gain ܭ୮ = 3 , and the 

integral gain ܭ୧ = 0.24. Both the ADRC and PI controllers 
are employed in the following experiments. 

A. Step Response 

Figs. 12-14 depict the measured resonant waveforms and 
step responses of IPT systems with ADRC and with PI 
control. In this case, the working frequency of the Tx inverter 
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(b) 

Fig. 12. Measured DC input voltage, resonant waveforms, and the step response of an IPT system with ୘݂ = 46kHz, while ଴݂ remains 
at 50 kHz: (a) ADRC, (b) PI control. 
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(b) 

Fig. 13. Measured DC input voltage, resonant waveforms, and the step response of an IPT system with ୘݂ = 50kHz, which is equal to ଴݂: (a) ADRC, (b) PI control. 
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(b) 

Fig. 14. Measured DC input voltage, resonant waveforms, and the step response of an IPT system with ୘݂ = 56kHz, while ଴݂ remains 
at 50 kHz: (a) ADRC, (b) PI control. 

 ଴݂ stays at 50 kHz, while the Tx tanks with three different 
resonant frequencies are considered. That is, ୘݂ = 46kHz (8% 
lower than the working frequency), ୘݂ = 50kHz (equal to 
the working frequency) and ୘݂ = 56kHz (12% higher than 
the working frequency), as listed in Table I. 

In Figs. 12-14 and in all of the following figures, ܫ୐౐ is 

the Tx resonant current, ܫ௅౐ିୖ୑ୗ  is the measured RMS 

current of ܫ୐౐, the dash line is the reference input of the Tx 

resonant current ܫ୰ୣ୤, ୧ܸ୬ is the measured DC input voltage 
of the Tx inverter, and ஼ܸ౐  and ஼ܸ౨  are the Tx and Rx 

resonant capacitor voltages, respectively. From the resonant 
waveforms in Figs. 12-14, it is possible to directly calculate 
the transfer power of the Tx coils in three different resonant 
frequencies under ADRC and PI control, and to obtain the 
max magnitude of ஼ܸ౨. Hence, Table II represents the power 

transmission of the IPT system. 
From Table II, it can be seen that the IPT system maintains 

a transfer power range of 400W-630W under different 
conditions. Given certain values of ܫ୰ୣ୤, the IPT system still 
achieves a different Tx transfer power under three different 
resonant frequencies due to frequency drift. In addition, the 
transfer power becomes larger when ୘݂ increases. Moreover, 
when ୘݂ = 46kHz or ୘݂ = 50kHz, the max magnitude of ஼ܸ౨ under ADRC is also larger than that under the PI control, 

which demonstrates that the proposed ADRC is effective for 
IPT systems and may be more efficient than the PI control.  

TABLE II 
POWER TRANSMISSION OF AN IPT SYSTEM 

Tx resonant frequency 46kHz 50kHz 56kHz 

Tx transfer 
power(W) 

ADRC 412.4 485.0 614.3 

PI 427.0 560.4 624.3 

Max 
magnitude 
of ஼ܸ౨(V) 

ADRC 175.6 174.7 165.3 

PI 163.9 170.2 176.5 

 

As for a step response of ܫ௅౐ିୖ୑ୗ, according to the right side 

of Figs. 12-14, both of the step responses under ADRC and 
the PI control have no overshoot to ensure device safety. 
However, the IPT system with ADRC can achieve a settling 
time of less than 1ms in Fig. 12, while the settling times of 
the IPT system with the PI control are all over 1ms, and even 
reach nearly 2ms in Fig. 14. Hence, it is obvious that the IPT 
system with ADRC provides a faster dynamic speed while 
maintaining the same steady-state performance as that with 
the PI in all cases, especially when ୘݂ = 50kHz  or ୘݂ = 56kHz. 
B. Load Disturbance 

The responses of ܫ௅౐ିୖ୑ୗ with ADRC and those with PI 

control in the presence of load disturbances are presented in 
this part. Similarly, a load disturbance experiment was 
conducted under three different Tx resonant frequencies of  
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(a) (b) 

Fig. 15. Measured RMS of the Tx resonant current, Rx capacitor voltage, and load voltage of an IPT system with ୘݂ = 46kHz when ܴ୐ is changed from 152Ω to 1.974Ω: (a) ADRC, (b) PI control. 
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(a) (b) 

Fig. 16. Measured RMS of the Tx resonant current, Rx capacitor voltage, and load voltage of an IPT system with ୘݂ = 50kHz when ܴ୐ is changed from 152Ω to 1.974Ω: (a) ADRC, (b) PI control. 
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(a) (b) 

Fig. 17. Measured RMS of the Tx resonant current, Rx capacitor voltage, and load voltage of an IPT system with ୘݂ = 56kHz when ܴ୐ is changed from 152Ω to 1.974Ω: (a) ADRC, (b) PI control. 
 

46kHz, 50kHz and 56kHz. The corresponding results are 
presented in Fig. 15, Fig. 16 and Fig. 17, respectively. A load 
resistor ܴ୐ paralleled with a 2Ω resistor, which made the ܴ୐ go from 152Ω to 1.974Ω, was employed as the load 
disturbance in the experiments. 

In Figs. 15-17, ୐ܸ is the load voltage, which demonstrates 

the ultimate transfer power to the load. From Figs. 15-17, 
both the IPT system with ADRC and that with the PI control 
can provide stable responses against load disturbances. 
However, the IPT system with ADRC provides lower settling 
times than that with the PI control in all of the experimental 
cases. In addition, the fluctuations of ܫ௅౐ିୖ୑ୗ under ADRC  
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Fig. 18. Measured RMS of Tx resonant current, and resonant capacitors voltage of IPT system with ୘݂ = 46kHz, when ܥ୰ is changed 
from 0.1μF to 0.122μF: (a) ADRC, (b) PI. 
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Fig. 19. Measured RMS of Tx resonant current, and resonant capacitors voltage of IPT system with ୘݂ = 50kHz, when ܥ୰ is changed 
from 0.1μF to 0.122μF: (a) ADRC, (b) PI. 
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Fig. 20. Measured RMS of Tx resonant current, and resonant capacitors voltage of IPT system with ୘݂ = 56kHz, when ܥ୰ is changed 
from 0.1μF to 0.122μF: (a) ADRC, (b) PI. 

 

are also smaller than those under the PI control. Theoretically, 
a load disturbance has the largest influence on an IPT system 
when ୘݂ = ଴݂ as shown in Fig. 16. However, the IPT system 
with ADRC still retains a strong robustness against 
disturbances. In this way, the experimental results demonstrate 
that the proposed ADRC is very useful for IPT systems to 
maintain robustness against load disturbances. 

C. Rx Resonant Capacitor Disturbance 

In this section, an IPT system with ADRC and one with the 
PI control were further tested against Rx resonant capacitor 
variations under three different Tx resonant frequencies 
46kHz, 50kHz, and 56kHz. The Rx resonant capacitor 
paralleled with a 0.022μF capacitor is employed, and the 
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corresponding results are shown in Fig. 18, Fig. 19 and Fig. 
20, respectively. 

Paralleled with a 0.022μF  capacitor, the Rx resonant 
capacitor ܥ୰ goes from 0.1μF to 0.122μF, which makes the 
resonant frequency of the Rx tank 45.5 kHz. In Fig. 18, when ୘݂ = 46kHz, the Rx resonant capacitor disturbance causes a 
large overshoot in both the IPT system with ADRC and that 
with the PI control. In addition, the magnitude of the 
overshoot gradually decreases when ୘݂ changes to 50kHz 
and then to 56kHz. This phenomenon is due to the fact that, 
when ୘݂ = 46kHz, the Rx resonant frequency change to 45.5 
kHz is the closest frequency to the Tx resonant frequency that 
can cause the largest coupling influence to the Tx side. 

From Figs. 18-20, it can be seen that IPT systems with 
ADRC and PI control can both settle to new steady states 
within 1ms when ୘݂ = 46kHz, and even within 500μs when ୘݂ = 50kHz	or	56kHz. Moreover, IPT systems with ADRC 
and PI control both have similar dynamic speeds and 
steady-state responses to Rx resonant capacitor disturbances. 
It should be noted that the fluctuations of the IPT system with 
an ADRC controller in Fig.19 and Fig. 20 are higher than 
those with a PI controller. According to Fig.8 and Fig.9, this 
phenomenon is due to the fact that when a frequency drift 
occurs, the IPT system with ADRC is more sensitive to Rx 
side disturbances than the original system. Moreover, the 
parameter tuning of ADRC was determined to obtain a fast 
dynamic response speed with allowed fluctuations. This 
suggests that the proposed ADRC method for IPT systems 
can be applied to IPT systems with middle range power to 
ensure robustness against parameter disturbances. 

It can be concluded from the above experimental results 
and discussions that IPT systems with ADRC can provide a 
fast response, and exhibit strong robustness against load 
disturbances and parameter variations. Furthermore, IPT 
systems with ADRC can still perform well in cases where the 
working frequency deviates from the resonating frequency. 
This suggests that ADRC can be a suitable solution for IPT 
systems with frequency drifts, which are common in practical 
working situations. 

 

V. CONCLUSIONS 

In this paper, an ADRC based control strategy was 
proposed for IPT systems. To design the required ADRC, a 
small-signal model of the employed LC series-compensative 
IPT system was derived by using GSSA, which can simplify 
the mathematic model of the IPT system. Then a suitable 
ADRC for the LC series-compensative IPT system was 
designed to derive a simplified control framework for an IPT 
system with ADRC. In addition, the robustness of the 
proposed close-loop system was analyzed. Finally, the 
proposed ADRC method for an IPT system is demonstrated 
through experiments and discussions. It has been verified that, 

despite the nonlinear characteristics of IPT systems, IPT 
systems with ADRC can provide a fast response, and exhibit 
strong robustness against load disturbances and parameter 
variations. Furthermore, it has also been verified that ADRC 
can be suitable for IPT systems with frequency drifts. 
Without special requirements being placed on the IPT system 
structure, ADRC is applicable to many kinds of IPT systems 
with the general system structure shown in Fig. 1, such as the 
dynamic EV charging systems. 
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