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ABSTRACT 

With the development of power electronics, inductive power transfer (IPT) technology 

can be applied to battery charging applications, including mobile phone charging, 

electric vehicle charging, underwater or biomedical equipment, etc. Lithium battery 

charging usually requires stages, i.e., constant current (CC) charging and constant 

voltage (CV) charging. To achieve both CC and CV modes, we need to study some 

factors, which includes a full load range, charging profile, transformer characteristics 

and the operating frequency of an IPT system. Four basic IPT systems with series–

series (SS), parallel–series (PS), series–parallel (SP) and parallel–parallel (PP) 

compensations will be presented and discussed in this report. The four basic IPT 

systems are simulated with PSCAD. Compensation characteristics of the four IPT 

system are analyzed with simulation results to determine the conditions to achieved CC 

and CV output. The output characteristics of the compensation circuit can guide the 

design of IPT systems for CC and CV output. Two IPT systems are constructed and 

comparatively studied in this report as a demonstration, including a hybrid 

compensation IPT system and an SSIPT system. The SSIPT system is experimentally 

verified to achieve CC and CV outputs for battery charging. 

 

Key words: Inductive power transfer (IPT), load-independent CC output, load-

independent CV output, series–parallel (SP) compensation, series–series (SS), parallel–

series (PS), parallel–parallel (PP), hybrid SS-PS converter, battery charging. 
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CHEATER: 1 INTRODUCTION 

1.1  WIRELESS POWER TRANSFER SYSTEMS 

The opinion of wireless power transfer is not a new concept. The famous Tesla coil is 

invented by Nikola Tesla in 1989 and wirelessly transmitted energy. William C. Brown 

conducted research and demonstration of point-to-point wireless power transmission 

scheme based on the principle of microwave beam [1.1]. Wireless Power Transfer 

(WPT) technology can break away of the limitations of accustomed cable power supply 

modes, greatly improving the dexterity and safety performance of electrical equipment 

and has developed quite rapidly in a few years [1.2], [1.3]. 

At present, interest in wireless power transfer (WPT) technology has expanded 

dramatically. Starting with Telsa Coil, Various systems use and develop WPT 

technology (mobile phones, laptop, TV, etc.). WPT has been studied in several versions, 

such as self-resonant systems and inductive coupling systems [1.4], [1.5]. 

 

1.2 DIFFERENT TYPES OF WIRELESS POWER TRANSFER SYSTEMS 

Wireless power transmission technology is divided into two categories: non-radiation 

and radiation. Non-radiative techniques are inductively coupled between the coils, and 

energy is transmitted through the magnetic field. Examples of applications include 

electric toothbrush charging, RFID and smart cards, heart rate regulators, electric 

vehicle chargers, and on-board power supply for JR Maglev [1.6]. The focus of 

development now is on wireless charging technologies such as mobile phones. 

Radiation technology transmits energy by directional energy beams such as microwaves 

and lasers. This technology can transmit far distances, but the transmitting side must 

aim at the receiving side to transmit. Wireless energy transmission using radiation 
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technology is still in the experimental stage, and the proposed use is solar power 

satellites and unmanned aerial vehicles [1.7], [1.8]. The common non-radiative wireless 

transfer system is shown Fig. 1.1 [1.10]. 

 

(a)                                       (b) 

          

(c)                                       (d) 

Fig. 1.1 Generic block diagram of wireless power system (a) Inductive Coupling, (b) Resonant 

Inductive Coupling, (c) Bipolar Capacitive Coupling, (d) Unipolar Capacitive Coupling from [1.10]. 

 

1.2.1 INDUCTIVE COUPLING 

Two conductors are referred to as inductive or magnetic coupling when they are 

installed such that electromagnetic induction makes a change in current through one 

conductor induces a voltage at the end of the other conductor in electrical engineering. 

The varying current through the first coil produces a charging magnetic field in 

surrounding of it through the ampere circuit method. The charging magnetic field 

induces an electromotive force in another coil through Faraday's law of induction, the 

electromotive can be voltage or EMF. The mutual inductance of two conductors 

determines the amount of inductive coupling between them. The inductive coupling of 
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WPT is intentional, but in electrical engineering, Unintentional inductive coupling 

appears more. The unintentional inductive coupling can generate signals from one 

circuit to be induced into hereabout circuits, identified as crosstalk, and is a kind of 

electromagnetic interference. 

In inductive coupling (inductive power transfer, IPT), magnetic field make the power 

transfer between coils [1.9]. The transformer is constituted by the transmitter and 

receiver coils [1.10]. An oscillating magnetic field is generated by Ampere's law 

through the alternating current (AC) of the transmitter coil. The receiving coil is crossed 

by the magnetic field, where it produces alternating electromotive force through 

Faraday's law of induction, alternating current is induced in the receiver. Inductive AC 

can directly drive the load or through a rectifier in the receiver to a direct current (DC) 

to flow in the load circuit. 

 

1.2.2 RESONANT INDUCTIVE COUPLING  

Resonant inductive coupling or magnetic phase synchronous coupling is an inductive 

coupling appearance. When the loosely coupled coil resonates in the secondary (bearing) 

side, the coupling becomes stronger. The drive coil in primary side and the resonant 

circuit in secondary side together compose the most important resonant inductive 

coupling. At this situation, when the resonance condition of the secondary side and the 

primary side found out, there are two resonant exist for both sides, one frequency is 

known as an antiresonance frequency (parallel resonance frequency) and another 

frequency is known as a resonance frequency (series resonant frequency). The primary 

and secondary coil is composed by self-inductance and a compensation capacitor into 

a resonant circuit. both the primary and secondary sides coils’ the magnetic fields were 

in same phase while the series resonance frequency drive both side coils. As a result, as 
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the increases in mutual magnetic flux, the highest voltage is emerged in the secondary 

coil, the primary side’s copper loss is lowered, reduce the power consumption caused 

by component heating, these are all to improve the efficiency of transmission. This type 

of resonant transformer is typically used as a bandpass filter in analog circuits. Resonant 

inductive coupling is widely applied for wireless power systems for laptop, telephones, 

and electric vehicles. 

 

1.2.3 CAPACITIVE COUPLING 

Capacitive coupling, also known as electrical coupling, employs an electric field to 

transfer power to form a capacitor for transmitting power. Energy flows between the 

positive and negative poles of the capacitor. In capacitive coupling (electrostatic 

induction), namely the inductive coupling’s conjugate, power is transferred through an 

electric field between anode and cathode such as metal plates [1.11], [1.12]. A capacitor 

composed of the launcher and receiver electrodes and the intermediate airspace acts as 

a dielectric. The launcher engenders an alternating voltage, apply to the transmitter plate, 

an alternating potential is produced by the oscillating electric field on the receiver board, 

is known as electrostatic induction, that generate an alternating current to drive the load. 

Frequent acceleration can increase transmission power, the capacitance between 

electrodes and the square of the voltage are proportional to the size of the littler plate, 

is inversely proportional to the separation in short distances situation [1.12]. 

It should be noted that for high power transmission, the electrode needs to withstand 

extremely high voltage, which is very dangerous. Therefore, capacitive coupling can 

only be applied for a few low power applications [1.13] and may lead to unpleasant 

secondary action such as harmful ozone generation. Besides, in contrast to the magnetic 

field, dielectric polarization bring about highly interacts between electric field and most 
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things (including the body of biological) [1.14]. In the situation where humans may 

cause too much electromagnetic field exposure, the intervening material would 

assimilate energy which between or near the electrodes. On the other hand, capacitive 

coupling has some benefits compared to inductive coupling, relatively reduced 

interference due to the capacitor plates greatly limiting the electric field 

 

1.3 APPLICATIONS OF INDUCTIVE POWER TRANSFER (IPT) 

Inductive Power Transfer (IPT) was first proposed shortly after Ampere and Faraday 

proposed that their laws became the basis of electrical engineering. After that, Tesla 

made the most significant advancement, using high-resonance tuning coils to show 

significant power transfer at AC frequencies. However, the means by which such power 

can be transferred at low cost and regulated is still a challenge that today's technology 

is difficult to overcome. Therefore, IPT was considered infeasible for some time, and 

in the context of suspicion, the real commercial IPT system did not appear until the end 

of the twentieth century [1.15]. IPT comprise the coupling of two or more coils: while 

coupled, the current in first coil produces the magnetic field, an induced voltage is 

induced in the other coil. Thus, in the right situation, the induced voltage can be a power 

input certain application, and in these cases, power transmitted by induction coil 

without physical contact. This power transmission is clean, free from chemicals or dirt, 

and can revolutionize many manufacturing processes. 

The application of inductive power transfer (IPT) have found in electrical vehicle (EV) 

battery charging [1.16], [1.17], electronics products for consumer [1.18], Illumination 

in special environments like underwater and caves [1.19], etc. The IPT system provides 

electrical and mechanical isolation compared to traditional plug-in systems, ensuring 

safe operation in harsh environments and minimizing the number of sockets and cables 
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for electricity supply. Especially in battery charging of electric vehicle, the IPT main 

power winding can be buried under the existing parking space, so there is no need for 

an additional charging station. Furthermore, IPT can implement highway EV charging, 

which can simultaneously reduce the capacity and time of EV batteries charging [1.20]. 

 

1.4 SPECIFIC BACKGROUND 

Since the days of Ampere and Faraday, the idea of establishing electrical engineering 

based on their laws and wireless transfer of power has been the target. Hertz's 

achievement, in which energy from sparks is coupled from one coil to other coil at high 

frequencies, eventually leads to advanced wireless transmission schemes. 

Inductive Power Transfer (IPT) has evolved from an emerging technology foundation 

in 1995 to today's $1 billion productions worldwide. IPT's project development research 

is ongoing, and IPT technology continues to mature to ensure the development of 

induction electric vehicles. 

 

1.4.1 PRINCIPLE OF LITHIUM ION BATTERY 

LIB, namely lithium ion battery, is a rechargeable battery. During charging, the lithium 

ions in battery move from a positive electrode to a negative electrode and return upon 

discharging. The divergence between non-rechargeable lithium battery and 

rechargeable lithium battery is the electrode material is an inserted compound of lithium 

instead of metallic lithium. Lithium metal has harsh environmental conditions of 

process, store and use because of the strongly active chemical characteristics of lithium 

metal. This is why lithium-ion batteries have rarely been used in the past. Due to the 

rapid development of microelectronics technology, the demand for miniaturized 

equipment is increasing, and high-quality power supplies are needed. Lithium-ion 
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batteries have entered an era of widespread application. As shown in Fig. 1.2. 

The process of lithium-ion battery charging is divided into two stages: constant current 

(CC) charging and constant voltage (CV) charging. Firstly, a CC charging can be 

applied, which causes the battery voltage to gradually rise the battery is fully charged. 

The voltage for this particular value depends on the battery material. The battery is then 

charged at a fixed voltage so that the charging current is gradually reduced until the 

current is less than a certain level and the charging process is completed.  

Time (s)

Charge Current

Battery Voltage

CC CV

 

Fig. 1.2 Standard charge outline of a lithium-ion battery cell. 

 

1.4.2 IPT WITH COMPENSATION TOPOLOGIES 

As we all know that loosely coupled IPT transformer systems have obviously leakage 

inductance, reduces transmission efficiency and affects component rating. 

Compensation is necessary to reduce reactive power, transfer active power to the load 

side. The essence of IPT technology is two coils of an IPT transformer without physical 

contact over a predetermined distance form a magnetic coupling. The coupled magnetic 

flux of IPT transformer becomes smaller as the distance between the coils becomes 

longer. The leakage inductance is essentially the uncoupled magnetic flux of IPT 
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transformer which results in obviously reactive power. The power transfer ability is 

affected by reactive power. The reactive power of IPT system also increase the rating 

of the driver power. Thus, the important part of IPT system is compensation circuit. 

With these issues in mind, the modifying frequency control is most famous method to 

resist changes in load and transformer parameters. It has been studied to use frequency 

control to achieve the desired voltage and current output, and the corresponding 

frequency change results in uncompensated reactive power to the driver circuit [1.24], 

[1.25]. The authors of [1.26] can completely compensate for reactive power through 

frequency control and use downstream converters to regulate the output. But using 

additional converters adds cost and power loss. In addition, stability problems may 

occur in varying frequency control for IPT converters [1.27], [1.28]. Alternatively, 

optimizing the structure and winding design of transformer coil to a suitable level can 

effectively reduce transformer parameter variations [1.29]. The IPT system will only be 

affected by small reactive power if the operation of horizontal misalignment and space 

variations is an acceptable range. This compromise is widely used in applications of 

road EV charging. However, if the compensation does not produce the desired 

characteristics of the load-independent transfer function, pulse width modulation or a 

full range of frequency may be required for full load variations. For this type of IPT 

converter, a converter of front-end or a downstream converter may be required. 

Therefore, the writers of [1.30] and [1.31] reported four basic transformer compensation 

circuits, series (SS), parallel-series (PS), series-parallel (SP) and parallel-parallel (PP) 

configurations. The load-independent constant current (CC) output and constant 

voltage (CV) output has its own operating frequency. 

 

1.4.3 IPT FOR LITHIUM ION BATTERY CHARGING 
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Li-ion batteries are widely used in electric vehicles or mobile phones, in which the 

dominant charging modes is constant current (CC) charging and constant voltage (CV) 

charging. As the charging operation moves from CC charging mode to CV charging 

mode, the battery equivalent resistance increases significantly. The specific operating 

frequency can be achieved by the IPT system to achieve load-independent output [1.21]. 

However, the output of the specified frequency of the IPT system with CC or CV does 

not guarantee the resistive input impedance, i.e. ZPA. Such as, a series (SS) 

compensation IPT can implement a CV output at two special frequencies which is load-

independent [1.22], but the input impedance is not pure resistance. The hybrid IPT 

topologies with CC and CV output for battery charging applications is provided, in 

which ZPA is successfully implemented at the same operating frequency [1.23]. This 

topology can guarantee ZAP input. This report will be discussed around this hybrid IPT 

topologies. Considering battery life and cycle time, the charging current and voltage of 

IPT battery chargers need to be accurate enough to ensure a safe and stable charging 

process. 
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CHEATER: 2 ANALYSIS OUTPUT CHARACTERISTICS OF IPT 

SYSTEM WITH FOUR BASIC COMPENSATION 

2.1 FUNDAMENTAL ANALYSIS OF IPT SYSTEM 

This chapter mainly analyzes the input impedance and output characteristics of the IPT 

system. Mainly focused on four basic compensation methods: series–series (SS), 

series–parallel (SP), parallel–series (PS), and parallel–parallel (PP) compensation. 

Based on the output characteristics of these four IPT systems, try to find an IPT system 

suitable for EV that meets the charging requirements of lithium-ion batteries. 

To facilitate the analysis, two equivalent models will be used to describe the IPT system. 

The T model and the M model are shown in Figures 2.1(a) and (b), respectively. 

pI sI

PL sL

sj MI pj MI

 

1lL 2lL

ML

1: n
Pi Si

 

(a) (b) 

Fig. 2.1 Equivalent model of IPT. (a) M model; (b)T model. 

In M model, IP and IS are the primary and secondary current, M represents the mutual 

inductance, LP is the primary self-inductance and LS is the secondary self-inductance. 

Whereas in T model, Ll1 and Ll2 are the primary and secondary leakage inductances, 

and LM is the magnetizing inductance, finally 1: n is the turn ratio of ideal transformer. 

The parameters of these two models have the following relationship. 

                          (2.1) MM nL=
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                    (2.2) 

                  (2.3) 

                         (2.4) 

Here k is the coupling coefficient, in the circuit, indicates the degree of tightness of the 

coupling between components. 

 

2.2 SERIES-SERIES (SS) COMPENSATION  

SS compensation uses two series compensation capacitors in the primary and secondary 

sides. Figure 2.2 shows an T model of SS compensated IPT circuit, the transformer 

circuit is driven by a pure sinusoidal AC voltage source vIN with frequency fSW where 

CP and CS are the series compensation capacitors in primary and secondary side 

respectively. The value of the capacitor determines the output characteristics of the 

SSIPT system. First, the capacitor is designed to resonant with the primary and 

secondary leakage inductances, namely the capacitor needs to conform to the following 

equation: 
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Fig. 2.2 T model of IPT circuit with SS compensation and its simplified equivalent 

circuits for output is load independent. 

, and .             (2.4) 

Because the impedance of the LC series resonant circuit vanishes, the SSIPT circuit can 
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be simplified. The simplified SSIPT circuit is shown in Fig. 2.2. When we consider the 

output characteristics of the circuit, we can find the equivalent output voltage in the 

secondary nvIN is load independent. In combination with the above, we know that we 

need a load-independent output for lithium ions battery charging. However, in Fig. 2.2 

(a), the input impedance ZIN is obviously inductive due to the existence of the 

magnetizing inductance LM. The inductive impedance creates a problem, the driver 

circuit having phase angle different between the driving voltage and the driving current. 

In order to improve the efficiency of the transformer, we hope that there is no large 

reactive power and related circulating power loss. A correctly compensated IPT circuit 

can transfer more actual power to the load, which means that the circuit needs to reach 

ZPA, and there is a zero-phase angle between the drive voltage and the drive current. 

The pure resistance input impedance of the drive circuit can reach ZAP, so that the 

circuit has no input reactive power. For Fig. 2.2, in order to compensate for the LM, an 

additional capacitor C3 in parallel with the LM is proposed, where C3 and LM resonate, 

and the compensation circuit is called an S/SP circuit [2.1]. 
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Fig. 2.3 M model of IPT circuit with SS compensation and its simplified equivalent 

circuits. 

 

Here, the Fig. 2.3 is shown the M model of SSIPT circuit, that can be readily simplified 

as Fig. 2.3. From Fig. 2.3, we have: 
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= = + =                  (2.5) 

Obviously, CS and CP are designed to resonate with LS and LP at fSW, the ZS and ZIN all 

are pure resistance, i.e., 

 
1 1

2 2
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f
L C L C 

= =                  (2.6) 

Here the equivalent output current is load independent, is given as 

 IN
O

v
i

M
=                            (2.7) 

According to the above analysis, SS compensation can produce a load independent CC 

and CV outputs at different frequencies. The frequency for the CC output has found 

according to (2.6). Two frequency formulas are proposed that can be applied to the load 

independent CV output in the SS compensation circuit [2.2], [2.3]. 

1

P
H

k


 =

−
, and 

1

P
L

k


 =

+
.               (2.8) 

O INv nv=                           (2.9) 

The voltage transfer ratio is equal in different loads at these two frequencies. The 

frequency H  can provide ZVS of the MOSFET for the system switches due to the 

higher frequency can make the circuit be inductive [2.4]. SS compensation is widely 

used in wireless transmission, especially for charging lithium-ion batteries. SS 

compensation convert CC and CV modes by changing the operating frequency, P  for 

the CC mode and H  for the CV mode. This report verifies the wireless transmission 

performance of the SSIPT system and its ability to charge lithium-ion batteries through 

simulation and experimentation. 

 

2.3 PARALLEL-SERIES (PS) COMPENSATION  

PS compensation is shown in Fig. 2.3. PS compensation have the CP connected in 

parallel with the transformer primary side. The secondary side of transformer is the 
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same as the secondary side of SS compensation. If the capacitor is directly connected 

in parallel with the voltage source, the transformer can no longer be driven by a voltage 

source. Therefore, an additional LX is inserted between the voltage source and the 

primary compensation circuit. Fig. 2.3. also give the simplified equivalent circuits, 

when the compensation satisfies (2.6) and LP equal to LX, i.e., 
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Fig. 2.3 T model of IPT circuit with PS compensation and its simplified equivalent 

circuits. 
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X P

f
L C

=                        (2.10) 

Then, it is easy to export the load-independent equivalent output voltage from Fig. 2.3, 

is given as 

    M IN IN
O

X X

L V MV
V n

L L
=  =                     (2.11) 

This output characteristic can meet the CV mode required for lithium ion battery 

charging. However, in order to improve the efficiency of the IPT system, a 

compensation circuit is important in the IPT converter to the following ZPA. So, the 

input impedance of the circuit is calculated next to confirm that it reaches ZPA. 

The primary PS compensation circuit of the M model with a reflected impedance ZR is 

used to calculate the input impedance, that secondary compensation is satisfied (2.6), 

is shown in Fig. 2.4. Then the input impedance is given as 

2 2 2

1 1
( )

(1 )
IN X P R

P P R P P P

Z j L j L Z
j C C Z L C j C

 
   

= + + =
− −

  (2.12). 

According to (2.10), we have the purely input resistive when compensation apply (2.6). 
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Fig. 2.4 Equivalent primary circuits using the M model with PS compensation. 

 

2.4 SERIES-PARALLEL (SP) COMPENSATION 

The analysis of SP compensation and PP compensation is similar to SS and PS 

compensation. It uses the equivalent simplification circuit of M model and T model to 

obtain its output characteristics and input impedance. In SP compensation, according to 

the compensation capacitance resonance the secondary self-inductances or leakage 

inductances, load independent equivalent voltage output and current output can be 

obtained respectively. The SP compensation circuit using M model is shown in Fig. 2.5. 

For load independent voltage output, the compensation capacitor needs to resonance 

LP-M2/LS. From the Fig. 2.5, the input current ip can be calculated. 

2

2

IN S
P

V L
I

M R
=                        (2.13). 

Then the output current can be calculated using (2.13) and M model secondary circuit. 

S INP
O

S

L VMI
V R

L M
=  =                   (2.14). 

However, the load independent current output cannot achieve ZPA in SP compensation. 

SP IPT circuit can apply compensation given by (2.4) to achieve load independent 

current output, the input impedance is inductive. When the load is not pure resistance, 

it may cause a large reactive power, which we do not want to see.  
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Fig. 2.5 M model of IPT circuit with SP compensation and its simplified equivalent 

circuit. 

2.5 PARALLEL -PARALLEL (PP) COMPENSATION 

When the compensation capacitor resonance LP-M2/LS as the CV mode in SP 

compensation. On the other hand, the equivalent current output is load independent and 

achieve ZAP in PP compensation. The conditions for load-independent source and ZPA 

are summarized by research [2.5], [2.6]. In PP compensation, an additional LX is 

inserted between the voltage source and the primary compensation circuit that like to 

PS compensation, LX is design to LP-M2/LS. CS and CP are designed to resonate with LS 

and LX at fSW, to make the input impedance purely resistive. 
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Here the equivalent output current is load independent, is given as 
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                      (2.16) 

The study also proposes the hybrid IPT topologies with CC and CV output for battery 

charging applications [2.3].  

 

According to the conditions and output characteristics of SP compensation and PP 

compensation, CC and CV outputs can be obtained by using the same compensation 
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capacitor and the same transformer. Similarly, SS compensation and PS compensation 

can also be combined into a hybrid IPT system for Li-Ion battery charging. In this report, 

I will component a Hybrid SS-PS compensation IPT converter via PSCAD. 
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CHEATER: 3 IPT SYSTEM DESIGN AND SIMULATION 

RESULTS 

This chapter uses the hybrid IPT technology proposed in [3.1] to establish a simulation 

circuit through PSCAD. In addition to emulating an SSIPT system, it is a relatively 

common wireless transmission system. The load of the simulation circuit is the 

equivalent circuit of the lithium-ion battery, observing the output characteristics of the 

IPT, consider the feasibility of these IPT for EV charging and so on. 

Before establishing these IPT systems, this chapter builds a single compensation IPT 

simulation circuit and lithium battery equivalent circuit step by step. The simulation 

results show the IPT different compensation output characteristics. Combined with the 

battery model to demonstrate the performance of the IPT converter in the charging 

application. And briefly introduces the switching control of the two modes of the hybrid 

IPT circuit and SSIPT circuit. 

Since this report focuses on the feasibility of considering the CC and CV outputs of 

hybrid IPT and SSIPT technology. Both voltage sources and switches are ideal. The 

lithium-ion battery model simplifies the common equivalent circuit. The coil that 

realizes wireless transmission is replaced by an ideal transformer, so the mutual 

inductance of the transformer will not change, and the mutual inductance is stable. This 

chapter does not use closed loop control to control the output. The switch of the 

simulation circuit of this report is built by IGBT of PSCAD, which solves the problem 

of soft switching. In practical situations, MOSFET to be easily designed to be slightly 

inductive for zero-voltage switching (ZVS) or capacitive for zero-current Switching 

(ZCS). The above questions and situations may be considered for future work [3.2]. 
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3.1 ICIRCUIT CONFIGURATION OF IPT SYSTEM WITH COMPENSAION 

CIRCUIT 

SS compensation simulation circuit is shown in Fig. 3.1. The T transformer of circuit is 

using the single-phase transformer model of PSCAD. The compensation capacitors is 

designed for resonance the primary and secondary self-inductance of transformer, this 

compensation has load independent CC output achieve the ZPA that was analyzed in 

the last chapter. The rms value of vIN is 20V, CP and CS are 795.78nF. The design of the 

compensation capacitor value and the transformer parameters are given in section 3.4. 

The simulation results are shown in section 3.2.  
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Fig. 3.1 The simulation SSIPT circuit       Fig. 3.2 The simulation PSIPT circuit 

 

Using circuit breaker of PSCAD, the output voltage and current of SSIPT system under 

different loads are shown. Load1, Load2 and Load3 are 30ohm, 40ohm and 50ohm 

respectively. Simulation results Fig. 3.8 confirms load-independent CC output. Of 

course, the CV output of the SSIPT system is also often used in lithium battery charging. 

Changing the frequency of the voltage source results in a load-independent CV output 

that frequency is calculated in section 3.4. A load-independent CV output is shown in 

simulation results Fig. 3.9. High frequency operation requires a very short solution time 

step 2.5 microsecond. For more efficient operation, the entire simulation circuit runs at 

1.5s. The shorter runtime results in some sharpness in the breaker operation. In the 

subsequent simulation, the solution time step is stable at 2.5 microsecond. 



23 

 

PS compensation simulation circuit is shown in Fig. 3.2. All values are the same as SS 

compensation, and the value of the additional inductance LX is equal to LP, namely the 

primary self-inductance of transformer. The simulation result is shown in Fig. 3.10. In 

fact, the load-independent CV output of PS compensation and SS compensation is very 

similar in PSCAD simulation, except that the output voltage magnitude is different. The 

constant voltage output of SS compensation is nvIN. The constant voltage output of PS 

compensation can be calculated from (2.11). 

 

3.2 BATTERY MODEL FOR IPT SYSTEM 

This report uses the common lithium battery equivalent circuit and simplifies it, that is 

shown in Fig. 3.3 [3.3]. This model mainly shows the varying equivalent resistance for 

lithium battery charging. In SS compensation, IPT system provides constant current 

charging to the battery. The equivalent resistance of the battery gradually increases, and 

the battery voltage gradually increases. The battery model is design to be bulk 

capacitance CB is 25mF, self-discharge resistance is 1000ohm, internal resistance RDC 

is 10ohm. And then a dc/dc converter is connected between the battery model and the 

secondary of an SSIPT converter [3.4]. The dc/dc converter is a full bridge rectifier 

consisting of 4 diodes. The SSIPT and PSIPT with battery simulation results are shown 

in Fig. 3.10 and Fig. 3.11. From Fig. 3.11, the CV output is a bit unstable. In future 

work, a full-bridge switches ac/dc converter is connected between the AC voltage 

source and the IPT converter. It can be controlled by the duty cycle to modulate the 

output, then get a stable CV output. If the output error is small, the duty cycle changes 

little, which does not affect the ZVS implementation of the switches [3.5]. 
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Fig. 3.3 The simplified common lithium battery equivalent circuit. 

 

 

3.3 HYBRID IPT AND SSIPT SYSTEMS 

The hybrid SS-PS IPT circuit is shown in Fig. 3.5. The switch of Fig. 3.5 can be built 

by two antiparallel IGBT of PSCAD as Fig. 3.6. When designing a Hybrid IPT circuit, 

the number of switches should be minimized and restricted either only on the primary 

side or secondary side. Initially, vbat is less than constant voltage required for charging 

lithium batteries VBAT, and the IPT converter is operating in CC mode. At this time, S1 

is on, S2 and S3 are off. vbat is gradually increased and then reaches VBAT, the IPT 

converter is switched to CV mode, S1 is off, S2 and S3 is on. The simulation result is 

shown in Fig. 3.12, The result is very close to the CC output and CV output required 

for lithium battery charging. Small error can be modulated by closed loop control as 

section 3.2 be proposed.  

The SSIPT circuit is shown in Fig. 3.4. The charging process of SSIPT is like hybrid 

IPT, but the conversion of CC and CV modes is by changing the frequency of the 

voltage source [3.6]. The actual wireless charging, usually using a DC voltage source 

to connect an inverter. Changing the frequency of the switch of inverter can change the 

operating frequency of the SSIPT system. Changing the phase shift between the 

switches of the inverter can control the output for the battery charging profile [3.1]. Fig. 



25 

 

3.13 is the simulation result of SSIPT system that small error is can be accepted. Of 

course, for real lithium-ion battery charging, close-loop control is necessary in order to 

lengthen the life of the lithium-ion battery. 
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Fig. 3.4 The simulation SSIPT circuit 
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Fig. 3.5 The simulation Hybrid SS-PS IPT circuit 

 

S

S  

Fig. 3.6 The switch in Hybrid SS-PS IPT simulation circuit 

 

3.4 SYSTEM PARAMETER DESIGN 

This reports all simulation circuits that use the same voltage source as 20V and the same 

transformer. The adjustable parameters of single-phase transformer of PSCAD is 

transformer MVA, operation frequency and leakage reactance, etc. Adjusting these 

parameters will enable the transformer to achieve the desired characteristics. There 



26 

 

transformer MVA is 10000MVA, operation frequency is 2000Hz and leakage reactance 

is 100pu. In order to make the calculation simple, the primary and secondary coil ratios 

are 1:1, i.e., n is 1. The magnetizing inductance LM, the primary and secondary self-

inductances LP and LS are 3.98mH, 7.96mH and 7.96mH respectively.  

 

3.4.1 PARAMETER DESIGN OF HYBRID IPT SYSTEM 

After the calculation according to (2.6), (2.10), LX is same as LP, and the compensation 

capacitors all is 795.78nF. Finally, After the calculation according to output 

characteristics, the constant current output is 0.04A and the constant voltage output is 

10V. The simulation results below are in accordance with the calculation results.  

For different types of lithium-ion batteries, and different hardware and environmental 

conditions. We can design parameters according to (2.4), (2.7), (2.11). The mutual 

inductance is a very important parameter in wireless transmission. It affects the 

efficiency of energy transfer throughout the system. In hybrid IPT, it affects both the 

CC output and the CV output of the system. The mutual inductance is very susceptible 

to environmental conditions. For situations where the mutual inductance cannot be 

controlled, we can adjust the frequency and primary self-inductances to get the required 

CC output and CV output according to (2.7) and (2.11). 

 

3.4.2 PARAMETER DESIGN OF SSIPT SYSTEM 

First, after we confirm the operating frequency of 2kHz, the primary side and secondary 

side compensation capacitors are designed to be 795.78nF by (2.6). The load-

independent constant output is same to hybrid IPT system because they all are SS 

compensation at 2kHz. Then we can calculate the frequency of the CV mode by (2.8) 

because the coil parameters are all determined. We use a 10V DC voltage source for the 
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simulation of SSIPT. Since the constant voltage output of SS compensation and PS 

compensation is different, when using the same transformer, the output magnitudes of 

CC and CV are different. This is shown in Fig. 3.12 and Fig. 3.13. Therefore, we need 

to design system parameters according to the standard and compensation method of 

lithium ion battery. In the actual situation, the design of the coil is very important. Under 

the constraints of environmental conditions, the design of the transformer needs to 

cooperate with the system. Because the H  is calculated according to the parameters 

of the transformer. The frequency standard of wireless charging will be gradually 

unified in the future. These criteria need to be considered when designing a wireless 

charging system. 

3.5 CONTROL STRATEGY DESIGN 

The simulation of this report simply controls the conversion of the two modes of IPT 

converter. In order to prevent the switch from being affected due to small changes in 

the output voltage, the IPT system utilizes the Hysteresis Buffer of PSCAD as Fig. 3.7. 

A hysteresis buffer is an ideal component for converting an actual signal into a logic 

signal. The hysteresis function provides some noise immunity by preventing transitions 

to new logic states until the input signal moves significantly over the input threshold. 

There logic 1 level is set to 10V and logic 0 level is set to 8V. For the actual situation, 

can use Schmitt triggers and comparators to get this effect. Fig. 3.13 shows the state of 

the switches in the conversion mode. 

 

Fig. 3.7 Hysteresis Buffer 
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3.6 SIMUALTION RESULTS 

The results of Fig. 3.8 and Fig. 3.9 confirm the load-independent CC output and CV 

output of SS compensation and PS compensation. These results enable the simulation 

to proceed to the next step. We can see that for different loads, the SSIPT system can 

still output a stable constant current. The current of 0.04A is in accordance with the 

calculation result of (2.7). Of cause the SSIPT system also can output a stable constant 

voltage of 20V that equal to nvIN, although the input impedance is not purely resistive. 

This does not affect SSIPT for a basic lithium-ion battery charging profile. 
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Fig. 3.8 The simulation result of SSIPT circuit with CC output. 
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Fig. 3.9 The simulation result of SSIPT circuit with CV output. 

Due to the uniqueness of PSIPT, the simulation project requires fewer solution steps. 

The running time becomes 1.5s, and the shorter running time makes the impact of the 

operation of the circuit breaker appear in the result. But the circuit breaker only verifies 

that the IPT system is load-independent. There is no sharpness in the actual IPT system. 

In addition, the voltage of Fig. 3.10 is in accordance with the calculation of (2.11). 
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Fig. 3.10 The simulation result of PSIPT circuit. 

 

After verifying the load-independent output of SS compensation and PS compensation, 

I replaced the load with a simple lithium-ion battery model. CC charging and CV 

charging are implemented separately. From Fig. 3.10 and Fig. 3.11, we can see that the 

IPT system meets the charging principle of lithium-ion batteries. 

The SSIPT converter provides a CC output for Li-Ion batteries. As the battery voltage 

increases and the equivalent resistance increases, the SSIPT can still provide a stable 

CC output. The PSIPT converter also meets our expectations. 
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Fig. 3.10 The simulation result of SS compensation with battery circuit. 
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Fig. 3.11 The simulation result of PS compensation with battery circuit. 

 

Fig 3.12 and Fig3.13 is the final simulation result of this report. It shows the entire 

charging process of the hybrid IPT system and SSIPT system with lithium-ion battery. 

At the beginning of the charging, the hybrid IPT system provides an ideal CC charge. 

When the battery voltage reaches 10V, the system switches to PS compensation. For 
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CV mode, the output is a bit unstable and it takes some time to output a stable voltage. 

For the SSIPT system, the voltage in CV mode is more stable because the frequency 

control does not require a switch and the compensation capacitor is unique. The voltage 

of the two simulation results also gradually rises in the CV mode, which proves the 

state of charge of the battery. This error is acceptable in this report. because this report 

does not do any control for stable output. 
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Fig. 3.12 The simulation result of Hybrid SS-PS IPT with battery circuit. 
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Fig. 3.13 The simulation result of SSIPT via frequency control with battery circuit. 
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Fig. 3.14 shows the performance of hysteresis buffer. The system that lost the hysteresis 

buffer, the switch cannot be converted once. Since the voltage cannot be stabilized 

immediately after the conversion mode, simply using the comparator control switch 

will make the switch confusing. Hysteresis buffer avoids this situation. 
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Fig. 3.14 The switch stage of Hybrid SS-PS IPT. 

 

3.7 SUMMARY 

The simulation in Section 3 shows the charging performance of the hybrid IPT and 

SSIPT converter for lithium-ion batteries. For the charging of lithium-ion batteries. 

Constant current output and constant voltage output independent of the load are 

necessary, so this report mainly focuses on observing the output characteristics of the 

IPT system. The two kind of IPTs can meet the requirements of lithium ion batteries 

charging. The combination of SS compensation and PS compensation can achieve the 

ZPA, reactive power is reduced as much as possible. However, more switching and 

compensation components mean more expensive costs and can interfere with the 

system. Table 1 shows a comparison of two IPT systems. It is relatively easier to design 
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by making the SSIPT generate load-independent CC and CV outputs by changing the 

frequency which is use more in WPT. The simulation results show the feasibility of this 

concept, but for the application of the real situation, still need more consideration and 

experiment. 

Table 1 Comparison of SSIPT and Hybrid IPT. 

Consideration of IPT SSIPT Hybrid IPT 
Rating of Power    * 

Cost of production *  
Design difficulty *  
System efficiency  * 
System stability *  

The "*" means better. 
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CHEATER: 4 EXPERIMENTAL VERIFICATION 

4.1 CIRCUIT CONFIGURATION OF IPT EXPERIMENTAL PROTOTYPE 

The circuit configuration of IPT experiment is shown in Fig. 4.2. It is mainly composed 

of six parts: inverter, switch driver, primary compensation, coupling transformer, 

secondary compensation and rectifier. These are the most basic parts of the WPT system. 

Fig. 4.1 is the experiment equivalent circuit, full bridge inverter using four MOSFET 

as switches and full bridge rectifier using four diodes. Obviously, it is an SSIPT circuit, 

and it converts CC and CV modes by changing the frequency. The inverter is connected 

to the DC supply and the rectifier is connected to the load. For easier experimentation, 

we use E-load instead of the real battery. In the E-load step mode, we can simulate the 

equivalent resistance of the battery. 

T

INV

PC
SC

Inverter Rectifier
LR

 

Fig. 4.1 Experiment Set Up Block Diagram. 
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Fig. 4.2 Experiment setup of the system. 

4.2 HARDWARE AND PARAMETERS DESIGN OF THE IPT 

EXPERIMENTAL PROTOTYPE 

Table 2 Experimental parameters of the SSIPT. 

System parameters Symbols Values 
System voltage  VDC 25V 
CC frequency  fCC 60kHz 
CV frequency fCV 80kHz 

Self-inductance LP, LS 200mH, 129mH 
Coupling coefficient 

Magnetizing inductance 
k 

LM 
0.4375 
55.5mH 

Compensation capacitance CP, CS 35nF, 54.5nF 

 

4.2.1  DESIGN OF COUPLING TRANSFORMER 

The coupling transformer is the core of wireless transmission, and energy is transferred 

through the magnetic field in the coupling transformer. In this experiment we used two 

flat ring coils as coupling transformers, their centers facing each other. Therefore, this 

experiment has no misalignment effect. The misalignment effect affects the mutual 

inductance and thus the output current. 

The inductance of flat ring coil is: 

20

8
L w d





=                           (4.1) 
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There 0  is the magnetic constant that equal to 74 10 − , w  is the number of turns 

of the coil, d is the average diameter of the coil,   is determined by the width and 

average diameter of the coil. According to (4.1), self-inductance of the coupling 

transformer can be quickly designed. The two coils are placed in parallel at 2 cm, and 

the coupling transformer used in this experiment will be obtained, that is shown in Fig. 

4.2. The parameters of coupling transformer are given in Table 2. They use the LCR 

meter to check that is shown in Fig. 4.3. 

 

Fig. 4.2 The coupling transformer in experiment. 

 

Primary coil

 

Fig. 4.3 Measurement of LCR meter for primary coil. 
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4.2.2  DESING OF COMPENSATION CIRCUIT 

The design of compensation is analyzed in chapter 2. The compensation capacitor can 

be calculated (2.6). Fig. 4.1 shows that both the primary and secondary compensations 

use four capacitors in parallel. The total value of the capacitors in parallel is a simple 

sum of the individual capacitance. Therefore, the shunt capacitance value in the primary 

compensation is 20nF, 10nF, 3nF and 2nF; the shunt capacitance value in the secondary 

compensation is 22.5nF, 22.5nF, 10nF and 1nF. 

 

4.2.3  MOSFET AND ITS DRIVERS 

Inverter switch uses MOSFET that type is MBR20200CT. The four switching 

MOSFETs is driven by the PWMs of DSP is shown in Fig. 4.5 and Fig. 4.6 is the 

Schematic diagram. Fig. 4.1 is shown the drive circuit. An amplifier is required to 

amplify the PWM signal of the DSP. Consider the series resistance in the Gate of the 

MOSFET, because the three poles of the MOSFET have parasitic capacitance, it is like 

an RC circuit. Fig. 4.4 is the equivalent circuit of MOSFET with parasitic capacitance. 

A too large resistance will slow down the rising and falling edges of the PWM signal 

as a switch, and too slow switching will cause power consumption and heat. Too small 

series resistance will produce inrush current due to parasitic capacitance of the electrons 

that do not have enough time to flow away. 

A capacitor is added between the inverter and the DC supply in order to filter the high 

frequency signal. The ideal DC/AC converter output is a square wave. 

DSC

GDC

GSC

R
G

D

S  
Fig. 4.4 MOSFET’ s equivalent circuit with parasitic capacitance. 
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Fig. 4.5 The full bridge switches of MOSFET. 

 

Fig. 4.6 Schematic diagram of full bridge switches of MOSFET. 

 

4.2.4  DIGITAL CONTROLLER AND ITS SOFTWARE DESIGN 

The type of the signal conditioning board is TMS320F2812 that is TI's new powerful 

32-bit fixed-point DSP, is shown in Fig. 4.7. For this experiment, the application of DSP 

focuses on how to generate PWM at a specific frequency. We use the Timer1 of 2812 

to generate the PWM signal. Since the 2812 timer is 37.5MHz per step, when we set 

T1PR to 312, the timer goes 624 steps per period. It is about 60kHz that we need. And 
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the CMPR1 is set to half of T1PR which represents 50% of the duty cycle of the PWM. 

In some WPT systems, the duty cycle of the four switches is used to modulate the output. 

The program flowcharts is shown in the Fig. 4.8. 

 

Fig. 4.7 The image of DSP 2812. 

 

System 

initialization

Start Timer 2 

(EVA) counter

Main

Waiting for ADC 

interrupt

PWM and A/D 

initialization

Enable all 

interrupts

A/D

Obtain A/D signals

Determine frequency 

of PWM to convert 

CC or CV mode. 

RETURN

 

Fig. 4.8 Program flowcharts in the SSIPT system. 
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4.2.5 VOLTAGE AND CURRENT SENSOR WITH SIGNAL 

CONDITIONING CIRCUIT DESIGN 

This experiment also utilized the 2812 ADC to convert the system frequency of the 

SSIPT. After the analog signal is sampled, when the load voltage reaches 6.5V, using 

the DSP's interrupter to change the frequency of the PWM to 70kHz. 2812 is a fixed-

point DSP, so the data accuracy is not as good as floating-point DSP. Since the interface 

input of the 2812 cannot exceed 3V, the voltage sensor requires an amplifier to adjust 

the output. Fig. 4.9 and Fig. 4.10 is the voltage and current transducers, current sensors 

will be used in the future, when we make output modulation. 

 

Fig. 4.9 The voltage and current sensors and its amplifier 
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Fig. 4.10 Schematic diagram of voltage and current sensors printed circuit board 

 

4.3 EXPERIMENTAL RESULTS 

Fig 4.11 is shown the battery charging profile. By changing the parameters, the system's 

constant current and voltage output can be matched with the demand of lithium-ion 

batteries on the market. The load-independent constant current is 0.8A in CC mode, the 

load-independent constant voltage is 15V in CV mode. 
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Fig. 4.11 The battery charging profile with 25V input. 

 

4.2.1  CONSTANT VOLTAGE AND CURRENT CHARACTERISTICS 
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Fig. 4.12 and Fig. 4.13 show the load-independent CC and CV outputs of the SSIPT 

system more clearly. SSIPT can charge lithium-ion battery can be determined. The 

experimental results show good performance. The constant current and voltage outputs 

of this experiment are 0.8A and 15V, respectively. Unfortunately, it is not suitable for 

lithium-ion batteries on the market. However, for the voltage and current gain of SSIPT, 

it is overly dependent on the parameters of the transformer that is often limited by space. 
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Fig. 4.12 The SSIPT system in CC mode under different resistance 
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Fig. 4.13 The SSIPT system in CV mode under different resistance 

 

4.2.2  EFFICIENCY ANALYSIS 

Efficiency of this experiment is shown in Fig. 4.14 that reaches an acceptable level. 

Efficiency analysis is important in WPT, how to achieve high efficiency wireless 

transmission is the focus of future research. The coupling transformer is an important 
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factor affecting efficiency. Coupling coefficient is as much as possible to improve the 

efficiency of the system. For scientific experiments, the coil distance is quite close and 

there is no misalignment. The efficiency is higher than the real application. 

In addition, the power consumption generated by the component deserves attention. 

The DC supply of this experiment is 10V, and the power consumption of the diode also 

affects the efficiency of the system. 

The implementation of soft switches is widely discussed in IPT systems due to the high 

switching frequency. The operating frequency of this experiment reaches 60kHz and 

70kHz, and the MOSFET has caused a lot of power consumption. The soft shift can be 

realized by the Phase shift control. The efficiency of this experiment is likely to reach 

90%. 
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Fig. 4.14 Measured efficiencies of the SSIPT at CC and CV modes of 

charging. 
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CHEATER: 5 CONCLUSIONS AND FUTURE WORKS 

5.1. SUMMARY OF REPORT 

This report analyzes the output characteristics of the wireless inductive power transfer 

system. Simulations of a hybrid SS-PS IPT and an SSIPT system are conducted in 

PSCAD to study the performance of the systems for Li-ion battery charging. The 

simulation results are good, but the closed loop control is still needed to be improved 

for desired output. Finally, an SSIPT circuit is constructed because it requires fewer 

switches and components. It has been experimentally verified that it is effective for 

charging lithium-ion batteries with acceptable efficiency performance. 

In addition, although the compensation circuit analyzed in this report exhibits the ideal 

characteristics of CC or CV charging, the output current or voltage gain greatly depends 

on the transformer parameters.  

 

5.2. PROSPECTIVE FOR FUTURE WORKS 

Based on the works presented in this report, the following points are proposed for the 

future works. 

▪ Implement the soft switching technique for the IPT converter to improve the power 

conversion efficiency. 

▪ Track specific load equivalents to achieve efficiency optimization. 

▪ Design higher order compensation of IPT convertor to liberate the limits of spatial 

parameters. 

▪ New control method to against misplacement effect. 

▪ Application of IPT converter for dynamic EV. 
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