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Abstract  Till the moment, electric vehicles charging 
statically using stationary stations, microgrids or other 
known conventional methods still represents a big problem 
for this industry, and a worrying snag to users. Due to 
different problems of electric vehicles charging using static 
methods, most of recent electric vehicles' researches are 
interested in the subject of charging these vehicles using 
inductive power transfer (IPT) or the so-called dynamic 
charging. This method depends mainly on transformer 
theory. In this paper, an IPT system is proposed, modeled 
in state-space form, simulated using MATLAB package 
and analyzed. The IPT system analysis focused on 
calculating one of the main system parameters - magnetic 
coupling coefficient and finding its optimal value. At this 
value, the transient dynamic voltage and current response 
of the circuit is found. Also, a fractional order 
proportional-integral-derivative (FO-PID) controller is 
proposed to enhance and smoothen the power signals 
(Voltage and current). 
Keywords  Inductive Power Transfer, Electric Vehicle, 
Electromagnetic Coupling, FO-PID 

1. Introduction
Because of the constant deficiency in providing 

non-renewable energy sources … coal, oil and gaseous 
petrol, and the constrained measures of hydro-electric age, 
the works in the non-ordinary power age and request 
increments from day to another; and because of a similar 
reason, the utilization of traditional autos that outfitted with 
warmth motors will slowly supplanted with crossover and 
electric vehicles. 

From around 30 years back and therefore to 
inconsistency between regular fuel presence and 
developing of non-ordinary vitality sources, some new 

wordings began to be brought up in the field of intensity 
building. Distinctive new terms will be thought about to 
ponder the normal future profile of electric power 
frameworks and related utility lattices: distributed 
generation (DG), smart grids, super grids, microgrids, 
digital power networks, active network management, 
transactive energy concept, internet of things -thinking- 
(IoT), and virtual power plants (VPPs) [1]. 

Traditional DGs are interconnected to the framework 
through distribution systems. However at this point, power 
is created by littler DG units at or close to client 
destinations can be associated with private systems out and 
out that segregated than huge framework. This aspect will 
lead the established DGs to another kind of systems; 
deregulated business condition or VPPs. This kind of 
plants will require active network management the 
executives through some new ideas like transactive energy 
idea. Likewise, smart grids, microgrids and digital power 
networks will play a role in this concept [2]. 

A microgrid is a discrete energy power system 
comprising of distributed energy sources and scattered 
demands. The fundamental reason for microgrids is to 
guarantee neighborhood, dependable, and moderate energy 
security for every single private network, while likewise 
giving answers for industrial and business customers. In 
spite of the fact that the principle goal of microgrids is 
self-supply and working freely on the distribution grid, 
might be there will be some monetary open doors for 
microgrids to be equipped for working in parallel with the 
fundamental power framework [3]. 

In numerous depictions, microgrids are littler renditions 
of the regular power framework. Like current electrical 
networks, they comprise of generation, distribution, and 
controls, for example, voltage regulation and switchgears. 
Be that as it may, microgrids vary from regular electrical 
networks by giving closer region between power 
generation and power use, bringing about efficiency 
increments and transmission decrements, Microgrids 
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additionally coordinate with sustainable power sources, for 
example, sun powered, wind control, little hydro, 
geothermal, and squander to- energy. 

Microgrids perform a dynamic power control over 
vitality sources, empowering self-ruling and programmed 
self-mending tasks. A microgrid can possibly be outfitted 
with energy adjusting facilities, for example, dispatchable 
demands like electric vehicles and substation storage units 
that could either add to minimization of power trade or 
augmentation of exchanging benefit. 

Electric vehicles are cars that propelled with at least one 
electric motor drive. Electric vehicles are also interchange 
electric energy with energy storage units that built in the 
vehicle like batteries or supercapacitors. Due to shortage in 
conventional fuels supply, global warming and other 
environmental pollution conditions, electric cars are 
expected to dominate the automotive world in the future. 
Electric vehicles structure, development, performance and 
operation turned into a very outstanding issue. 

The current issue in current versions of electric vehicles 
is the means by which to charge the vehicle. A lot of 
proposals are proposed to take care of this issue. In some 
cases the vehicle charging relies upon fixed stations like 
what occurs in ordinary autos. Some other time the vehicle 
charging relies upon recently arranged plugs on smart 
homes that exist in microgrids [4]. 

One of the suggested solutions for charging cars is the 
dynamic charging while the vehicle is moving instead of 
static (plug-in) charging. There are different methods were 
proposed for dynamic charging. The most famous methods 
are: wireless power transfer, capacitive wireless power 
transfer, conductive charging, inductive charging, 
inductive power transfer, resonant inductive power transfer, 
magnetic coupling, magnetic gear wireless power transfer, 
permanent magnet… etc. 

Not all of these methods are easy to implement without 
any problem, but there are some problems facing each 
method. Of these problems, magnetic problems like skin 
effect, proximity effect, misalignment problems, high 
frequency leakage fluxes, air-gap problems … etc. Also, 
electric problems are existing like larger battery size, 
possible risks such as electric shock, trip hazards … etc. On 
general the cost and weight problems are exist in all cases 
[5]. 

One of the proposed solutions to solve the electric 
vehicle charging dilemma, is by using IPT systems. This 
solution method depends basically on the transformer 
theory with its electromagnetic coupling phenomenon. 
Really, this proposition faces different problems like 
vehicle dynamics, magnetic circuit problems … etc [6]. 

In this paper, an IPT system is proposed, modeled in 
state-space form; analyzed, solved and simulated using 
MATLAB package. The IPT system analysis focused on 
calculating magnetic coupling coefficient and studied its 
effects on main circuit parameters. Also, the results were 
optimized to get optimal value for system best performance 

and optimal control design. A fractional order 
proportional-integral-derivative (FO-PID) controller is 
used to enhance and smoothen the power, voltage and 
current signals. 

2. Modeling of IPT System under Study
System under study is shown in figure (1). The system is 

supposed as an IPT simple system with a series-series (SS) 
classical network. The system shown can be represented 
with state-space form, as [7-12]: 

Figure 1.  IPT SS System under study 
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where the state vector (x) and the input (u) are defined as: 

T
LCLC IVIVx )( 2211= , Eu =           (2)

and the state matrices are defined as: 

T

LLL

LLL

kLL
k

kL
B

kL

RR

kLkLL

kR

kLL
k

C

kLL

RRk

kLL
k

kL

R

kL

C

A















−⋅−

−
=































−

+

−−⋅

−

−⋅

−

−⋅

+−

−⋅

−

−−
=

)1(
0

)1(
10

)1()1(
1

)1()1(

1000

)1(

)(

)1()1()1(
1

0010

2
21

2
1

2
2

2
2

2
2

21

1
2

21

2

2
21

2
2

21
2

1

1
2

1

1

   (3) 

If (k) is the magnetic coupling coefficient, the mutual 
inductance (M) is given by: 

21 LLkM ⋅⋅=   (4) 

where inductances L1 and L2 are defined as: 

lANLandlANL // 2
22

2
11 µµ ==   (5) 

where (µ) is the permeability, (A) transformer core 
cross-sectional area, (N) is the coil number of turns, and (l) 
is the mean length of main flux linkage line. Also, M can be 
defined as:  
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1221 // iNMoriNM φφ ==                (6) 

Hence:  

ANilANilk 2211 // µφµφ ==                    (7) 

and in both cases, (k) becomes proportional to (l / A), which 
means the parameter (l / A) will control the operation of this 
IPT system. The load power (PL) and power transfer 
(transmission) efficiency (ηL) are given as: 
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3. IPT System Simulation 
The proposed IPT system model discussed in the 

previous section was simulated using MATLAB package. 

All system data is given in the appendix. The first 
simulation part is done to demonstrate the variation of both 
voltages VC1 and VC2 against the variations of magnetic 
coupling coefficient (k). These variations are shown in 
figure (2). Variations of both currents IL1 and IL2 against the 
variations of magnetic coupling coefficient (k) are shown 
in figure (3). Also, the variations in load power (PL) and 
power transfer efficiency (ηL) against (k) are shown in 
figures (4) and (5). From figure (2), it's clear that from VC2 
curve, that the optimum voltage occurs approximately at k 
= 0.035. In figure (4), it's clear that from load power curve, 
that the optimum load power occurs approximately at k = 
0.035, also. In figure (5), it's clear that from power transfer 
efficiency curve, that the optimum value of power transfer 
efficiency occurs approximately at k = 0.05. From previous 
figures, the magnetic coupling coefficient (k) varies 
between 0.035 and 0.05 to get best performance of the IPT 
system. In the system dynamic response study (shown in 
next section), k will be considered as 0.04, as the 
mid-interval between 0.035 and 0.05. 

 

Figure 2. Voltages vs magnetic coupling coefficient 
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Figure 3. Currents vs magnetic coupling coefficient 

 

Figure 4.  Load power vs magnetic coupling coefficient 

 

Figure 5.  Power transfer efficiency vs magnetic coupling coefficient 

4. FO-PID Controller 
Intuitively, with FO controllers for integer order plants, 

there is a better flexibility in adjusting the gain and phase 
characteristics than using integer order controllers. This 
flexibility makes FO control a powerful tool in designing 
robust control systems with less controller parameters to 
tune. The key point is that using few tuning knobs, FO 
controller achieves similar robustness achievable by using 
very high-order integer order controllers [13-15]. 

Also, in case of using FO controllers to control integer 
order system, it's found that the transient and dynamic 
response becomes better than using integer order 
controllers. Since the trade off between the stability and 

other control specifications always exists, introducing FO 
control makes it straighter forward to achieve a better trade 
off. Transfer function (T.F.) of FO-PID controller used is 
given as: 
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5. IPT System Dynamic Behavior 
The IPT system state-space model showed in equations 

(1), (2) and (3), is simulated. The simulation is carried out 
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in two cases: the first case when the system operates freely 
without control and the second case when the system is 
equipped with a FO-PID controller. 

System observed signals are voltages (VC1 and VC2) and 
currents (IL1 and IL2). In case of uncontrolled IPT system, 
voltages are drawn with blue color and currents are drawn 
with green color as shown in figures (6-a, b, c and d). In 
case of controlled IPT system, voltages and currents are 
drawn with red color as shown in figures (6-a, b, c and d). 

The FO-PID controller input signal (T.F. output) is 
considered to be capacitor voltage in secondary circuit 

(VC2), and FO-PID controller output signal will be 
negatively summed to IPT system input (E). 

From figures (6-a, b, c and d), it can be recognize that the 
performance of IPT system when controlled is enhanced 
using FO-PID controller. Sure, the controller cannot satisfy 
all control design requirements, but it can satisfy most of 
which. In our IPT system case, signals oscillation 
amplitude in dynamic and steady-state interval are 
enhanced while during transient period, the controller is 
worst. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 6.  IPT system dynamic response 

6. Conclusions 
In the present paper, a dynamic system for charging 

electric vehicles using IPT system is proposed. This system 
depends mainly on transformer theory. The IPT system 
proposed is considered in its simplest structure (SS system). 
The system is modeled in state-space form, simulated using 
MATLAB package and analyzed. The IPT system analysis 
focused on calculating one of the main system parameters; 
magnetic coupling coefficient, and finding its optimal 
value. At this value, the transient dynamic voltage and 
current response of the circuit is found. Also, a fractional 
order proportional-integral-derivative (FO-PID) controller 
is proposed to enhance and smoothen the power signals 
(Voltage and current). 

Appendix 
IPT System Parameters [7]: 

C1 = C2 = 28.2 nF 

L1 = 183.0 µH 
L2 = 193.0 µH 
RL = 20.0 Ω 
RL1 = RL2 = 0.1 Ω 

Power Components: 
E = 250.0 V 
VC1 = 20.0 V 
VC2 = 10.0 V 
IL1 = 1.0 A 
IL2 = 2.0 A 

FO-PID Controller Parameters: 
KP=4.5 
KI=3.5 
KD=3.7 
λ = µ = 0.5 
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