American Journal of Engineering Research (AJER) 2014

American Journal of Engineering Research (AJER)

e-1SSN : 2320-0847 p-ISSN : 2320-0936

Volume-3, Issue-7, pp-125-140

WWWw.ajer.org

Research Open Access

A Novel Harmonic-Based Phase-Shifted Control Method to
Regulate The Transferred Power
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ABSTRACT: over a wide range of load the power is regulated with high efficiency by inductively coupled
power transfer system. In this paper a novel harmonic based phase-shifted control method is proposed. With
this method, the resonant inverter output voltage is employed to regulate the output power. By changing the
phase-shifted angle of inverter the output power is regulated. The switching frequency is much lower than the
fundamental frequency which is different from conventional approaches; therefore the switching losses are very
less. The principle of operation, switching strategy and the effect of dead time has all been presented.
Experimental results says that the proposed power regulate method can achieve improvement at the light load
condition.

Index Terms: Inductively coupled power transfer(ICPT), Phase-shifted control, Harmonic, power regulation,
Efficiency.

NOMENCLATURE
L, Total inductance of primary winding
L, Total inductance of secondary winding
M Mutual inductance
Co Resonant capacitor on primary side
C, Resonant capacitor on secondary side
Ry Total resistance of primary winding
R, Total resistance of secondary winding
R; Load resistance
R, Equivalent resistance of load
Lok Self impedance of kth order harmonic

component on primary side

Zon Self impedance of kth order harmonic
component on secondary side

Z, Reflected impedance of the secondary circuit seen by the primary side
5; -5; switching components

D;- D, freewheeling diodes
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Ds- Dg  diodes

Cr Filter capacitance

Vi, Voltage of dc input source

Vine Inverter output voltage

Vox Root mean square value of the kth-order harmonic component

Vaer  Voltage of equivalent resistance of the
k"-order harmonic component

Iy Inverter output current

Tok Inverter output current of the kth-order harmonic component

j Secondary winding current of the &th-order harmonic component
fit Resonant frequency

k Switching frequency

By Switching angular frequency

Ey Resonant angular frequency

o Phase shifted angle

ta Delay time of inverter

P Output power on load

n Transfer efficiency
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Converter oad
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Fig.1. Basic ICPT system with multiple loads.

l. INTRODUCTION

The term inductively coupled transformer (ICPT) in general can be used to describe the power transfer
between two objects that are physically un- connected. The use of contactless power is sometimes the only way
of transferring power between the source and load. There are so many applications of this technology, high-
power applications and low power applications. Low power applications are wireless charging of cell phones,
laptops, TVs, desktops, and also in biomedical applications where as high power applications are people
movers, industrial transport, automation, mining, military and aviation. but unlike low power transfer
applications where the air gap between the load and source is very small and power transfer efficiency is
comparatively small, in case of high power transfer the air gaps are larger and efficiency of power transfer is
intended to be high as the amount of power transfer is large.ICPT system utilizes varying magnetic field at a
certain frequency to couple power across an air gap to one or more secondary load systems without direct
physical contact .ICPT is safe, reliable ,and flexible and environmental friendly due to electrical isolation of the
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system. The movable contactless power transfer (MCPT) system is an alternative proposal for the supply of rail
transit system .The MCPT system contains the ground part and vehicle part; the primary windings are powered
by converter located on the ground and the secondary windings pickup the power and transfer it to load. For
high power applications, it is necessary to regulate the output power of ICPT system with the load change.

The output power is regulated by changing input dc voltage but this method is simple but increases the
power losses, size and cost of the power primary converter. Phase-shifted angle variation method is used to
regulate the fundamental output voltage in full bridge inverter. While comparing different control methods i.e.
voltage control, duty cycle control, frequency control, and phase angle control, phase angle control gives the
optimal scheme under the uniform load condition.The objective of this paper is to analyze the variation of
output powers in different compensation systems, first the fundamental principle of ICPT system is
analysed.Then, and a harmonic model equivalent circuit for ICPT with series capacitor on both sides is built.
After that, the harmonic-based phase-shifted control (HPSC) method is derived. Comparative analyses and
experiments for the proposed and conventional methods are investigated. The compensation capacitance values
are find out using the equations given in Table-A for different compensation topologies.

1. FUNDAMENTAL PRINCIPLE

The basic circuit diagram of ICPT system shown in fig.1. It contains a set of coils near and along the
rail known as primary winding, one or more secondary winding coils beneath the vehicle. The primary converter
converts three phase 50HZ ac voltage into DC voltage, then the inverter outputs high frequency ac to primary
winding coil and set of high frequency magnetic field. The high frequency voltage is induced in secondary
winding coils which couple with magnetic field. The secondary converter converts ac voltage to DC voltage
through Diode Bridge for the load R,_.Which is a motor or inverter.In order to increase the transferred power as
well as efficiency, compensation capacitors are used in the ICPT system. Basically there are four types of
compensation topologies; those are series-series compensation (SS), series- parallel compensation (SP), parallel-
series compensation (PS), parallel-parallel compensation (PP) as shown in following fig (a), fig (b), fig(c) and
fig (d) respectively.Compensation capacitors are also used to reduce the apparent power of primary converter. If
both primary and secondary compensation capacitors are connected serially, then no need to vary the
capacitance with the load or the mutual inductance between primary winding and secondary winding. On the
other hand the SS topology has one more advantage is that; the reflected impedance of the secondary winding
on to the primary winding has only a real reflected component and no reactive component. In the conventional
method, the power is transferred by fundamental component, and harmonic components are usually neglected.
So, the conventional phase-shifted control is called fundamental-based phase-shifted control (FPSC) in this

paper.

)] primary secondary
compensatipn compensation

Fig.4. Compensation topologies (a) SS (b) SP (c) PS (d) PP.
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TABLE-A
Topology C Cy
_ 1 El - ‘_;
SS c;= m w (L, + M)
c—_ L o= (Ly +M)c,
SP T (L, + M) PTL ML+ M) — M
_ 1 (LMY, + MR
PS L= s (Ly, + M) PTAM (LML MR
o= 1 P (L, + ML+ ML+ M) — M
PP T L, + M) PO, ML+ M) - MR MARY(L, MG

To analyze the harmonic components, fast Fourier transform (FFT) of the inverter output voltage is carried out
at first. Here, the dead time of inverter is not considered, the root-mean-square (RMS) value of the kth—order

harmonic component of inverter output voltage is given by

'\v."_
Vo = E m% (k =1357....0. (1)

The fundamental model equivalent circuit of ICPT system is presented in [21]. Similarly, the kth-

order harmonic model is built in this paper to analyze the effect of the harmonic components as well as
the fundamental to the transferred power. The harmonic model equivalent circuit with series capacitors on both

sides is shown in Fig.2.

As indicated in Fig.2, the primary current Iz and secondary current I can be expressed as

IPK] _ Vpi [ Zop (2)
Tsgd ™ zppezoe+iwsi? jkw, M
Where
= 27T ©))
]
R-E': R_ZRL (4)
. 1
Zpr= ]km_ng+m+Rp (5)
) 1
Zop = jhoo L, +m+ﬂs t+ R, (6)

The kth-order harmonic component Fy: in output power is expressed as

fex.,
Beos? () vl (HuwM)R,
2.
kil |zpkz:k+[k“:m2|

Fop = ISZF[R-E' =

1/(kawsCp) _ jkawsL

Lok
—

R,

Fig.2. Harmonic model equivalent circuit of ICPT with series compensation.
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1.  THE HARMONIC BASED PHASE-SHIFTED CONTROL
A. The Harmonic Based Phase-Shifted Control
To transfer power in FPSC, the harmonic component of inverter output voltage is used by changing
switching frequency. Where as in HPSC, to regulate output power accurately phase shifted control is used. The
following are the steps to analyze the HPSC
Step-1: Harmonic components of inverter output voltage must be found out.
Step-2: Normalized value has to be introduced

We know that,
V= % Vyccos % (K=13.5, v ) (8)
ac=10
Vo= 22 vde )
Therefore, Normalized value of ky, order harmonic RMS value, at phase shifted angle ‘&’ is

Gk = %r (10)
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szims% (k=1,3,5...) (11)

Where

Gy= Normalized RMS harmonic voltage

2014

To illustrate this method, Fig.6 shows key waveforms of the third-order harmonic-based control
method. Furthermore, a half switching period in Fig.6 is subdivided into six stages and their simplified paths in

different stages are shown in Fig.8.
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Fig.5. circuit topology of ICPT with series compensation.

Regionl [t, toty]:Ssturns OFF at to.from toto tithe power is oscillating freely through S,, Lp, Zr, Rp, Cp, and

D,.Vinis equal to 0 during this stage.
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Fig.7. Normalized Value of Fundamental and Harmonic Components at Different Phase-Shifted Angle.
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Fig.6. key waveforms of HPSC with third order harmonic.

WWW.ajer.org

Page 130




American Journal of Engineering Research (AJER) 2014

Region2 [t; tot,]: At t;, S1 turns ON at zero voltage switching (ZVS) when D;conducts. The power is oscillating
freely through S,, C,,, Ry, Zr, L, , and D».

Region3 [t, tots]: At ty, S, turns OFF at zero voltage switching (ZVS) when D,conducts

Region4 [tstot,]:Ssturns ON at t3, and Dturns OFF at the same time. The conduction current through S, is same
with the turning OFF current of D,.the power is transferred from input dc source to load through S;, C,, Ry, Zr,
L, and S4.Vinis equal to V. during this stage.

Region5[t, tots]: Inverter output current I,crosses zero and changes its direction at t,.the power is circulated from
load to input dc source through Dy, L,, Zr, R, Cy,and Dy.this stage finishes when I, reaches zero.

Region6 [ts totg]: After current I, crosses zero and changes its direction at ts,the power is transferred from input
dc source to load through S;, Cp, Ry, Zr, Ly,and

S, during this stage. This stage ends when S;turnsOFF at ts. The other half period current directions are similar
as explained above. The current I, circulates three times during one switching period, which means lower
switching losses compared with FPSC.

Switching Strategy for Harmonic Components:
From Fig.7, it is evident that several harmonic components meet the demand of low output power. The
switching strategy for different order harmonic is discussed as follows.First, @y is defined as the switching

phase-shifted angle from fundamental to the k™-order harmonic component. When fundamental component is at
resonance, the k™-order harmonic component could be employed to transfer the same power if the phase-shifted
angle is greater than ay;. The maximum value of Gy is 1/k, so from the relationship G;=1/k, @y; can be
expressed as

By = i:m'ccusi (k=1357.... (12

Similarly, @ is defined as switching phase-shifted angle from the k™-order harmonic to (k+2)"-order
harmonic. When the k™-order harmonic is at resonance, if the phase-shifted angle is greater than ey, then

(k+2)™-order harmonic can be used to transfer same capacity of power. It means the reasonable phase-shifted
angle range

Gy = x: m‘ccusﬁ (k=1357...0 (13)
ey ey
S Dy S B o 52
_-"——"7&- — —+ Ve L’
+ Vn\' - Vn\
K3 K 2
SxK D; SJK SAK D; S




American Journal of Engineering Research (AJER) 2014

1 4 1 .
5 Dy 82 D2 R, S D, S
& Iy -~ L
— Ve — - V. —_—
+ "{w - + Vm\

K% Qﬁm K%,

] ] ] y
S Dy 52 B} -Rp Sy Dy Sz D Rp
" + B
—V. - Ve -
i + inv -

KA AKE, KE ;K}m

Fig.8. simplified paths of HPSC with third-order in half switching period.

of k™- order harmonic can be 0 to &;. From the relationship G,=1/(k+2), & can be expressed as

The switching phase-shifted angles for fundamental and harmonic components are shown in Table Il. Generally,
by ignore the components which are not at resonance, the normalized value of output power is

Goi= G2= 3 cos® = (k=13.57....). (14)

TABLE -1

SIMULATION AND EXPERIMENTAL PARAMETERS

symbol value symbol value
Vge(V) 90 Bz(50) 01
L (H) 39 Ry (52 2
Lz(uH) 149 Ca(ur) 0.36
M uH) 16 Cs(uF) 0.09
R5(E2) 0.2 fr{kHz) 42

Effect of Dead Time
The dead time is necessary to avoid current passing directly through any bridge arm of an inverter.
Because it will bring some effect to duty width, it must be considered especially for high frequency switching.
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TABLE-II

SWITCHING PHASE SHIFTED ANGLES FOR FUNDAMENTAL AND HARMONIC

Harmoni
c 2y (7) g ()
Order

1 0 141.1

3 1411 354

5 156.9 17.8

! 163.6 111

9 167.2 7.8

3607 1 3en” s

k ar T L m‘cmsk 3

For example the effective duty width will be decreased from 50% to 41.6% if dead time is 2us and
switching frequency is 40 kHz, which results in decreased in maximum output power. Here &2 is defined as
equilent phase-shifted angle of dead time for ky, order harmonic in HPSC, and it is expressed as

g =22 360 (k =1,3,5.7....). (15)
Considering the dead time effect, the equations with phase shifted angle o will be updated. Taking V. as an
example,(1) is updated as

r T $=
Vg = %vd; cus@ (k =135.7....). (16)

Besides, the switching phase-shifted angle will be up dated as

N L]

iy = “—-arccosy —taf,360 (e =1,357...).  (17)

. 360° k
o= —— arccos — — t4f, 360 (k=1357...2 (18)

It is evident that the phase shifted angle for the maximum value of v;k k= E,S,T...}is%—ﬁcm instead of
2E0

zero. The lost phase-shifted angle range due to the dead time can be replaced by ? g~

V. EXPERIMENTAL RESULTS

A. Experimental setup

In order to verify the validity of HPSC power regulation method, experiments have been implemented
on a prototype of movable contactless power supply system for rail transit system. The prototype consists of a
contactless transformer and two converters. The contactless transformer contains long primary winding and
short secondary winding. The former is fixed on ground along the track, and the latter is fixed on the movable
vehicle. The converter topology adopted is same as that in fig.5 where the dc voltage V. is obtained from a
three phase diode rectifier. The load is purely resistive. The third and fifth order harmonics are chosen for
experiment in this paper. The dead time is set as 2ps.the equivalent phase shifted angle of dead time is 30°,10°,
and 6° for FPSC, third-order harmonic in HPSC, and fifth-order harmonic in HPSC respectively. The
SIMULINK diagram of FPSC or HPSC is shown in fig.13

B. Power Regulation Comparison
Fig.9 shows the voltage measured on load at a given phase shifted angle for three kinds of control methods.
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It is known that the curves in fig.9. are very similar with those in fig.7 because the Vg, is nearly proportional to

Vi It can be seen that the higher the harmonic order is, the lower the maximum output power is. It is

apparently consistent with aforementioned analyses.
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Fig.9. output voltage at different phase-shifted angles with different methods.

The phase shifted angle range is output power for FPSC,the third order harmonic and fifth order harmonic in
HPSC is compared. According to the analysis in section I11,output power is lower with higher harmonic order,
so the reasonable range 1/7%~ 1/5% of normalized output power of the fifth order harmonic in HPSC is selected.
According to (14), the start phase shifted angle for the selected normalized power range can be obtained from
(19) and the end phase shifted angle is obtained from (20).Then the phase shifted angle range can be calculated

Gey = 1/5% (k =1,3,5) (19)
Gey = 1/7% (k =1,3,5) (20)
100 T T
" [ NI
109 % ,= R -1,555 '1,558 16
= 10%
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i
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Fig. 10. Waveforms of inverter output voltage using diff-erent control methods (a) FPSC.(b)third-order
harmonic in HPSC. (c) Fifth order harmonic in HPSC. And current using different control methods (d) FPSC.
(e) third-order harmonic in HPSC. (f) Fifth order harmonic in HPSC.

A comparison of phase shifted angle range during the same range of normalized output power is shown in table
I11. From this table it can be known that phase shifted angle range is wider if higher order harmonic is used. The
wider phase shifted angle range means higher power regulation accuracy due to the limited digital bits in digital
processor.
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Fig.11. Waveforms of the rectifier output voltage using different control methods. (a) FPSC. (b) Third-order
harmonic in HPSC. (c) Fifth-order harmonic in HPSC.

C. Efficiency Comparison

In order to verify the improvement of system efficiency from HPSC to usual FPSC, experiments for
FPSC, the third order harmonic in HPSC, and the fifth order harmonic in HPSC at their power range have all
been tested. Here the input power of three phase ac power and load power are measured, and then the

normalized value

Gp of output power is expressed as (20).the base value Pgyaxis the maximum value of output power at actual zero

phase shifted angle using FPSC.The Pgnachere is 1.77kW.

_ _Pour
Gp Pomex

(21)

Fig.12. shows the efficiency at light load with these three methods. It can be seen that 1) the system efficiency

increased with higher output power; 2) system efficiency using HPSC is higher than that of FPSC at the same

output power; 3) efficiency of fifth order harmonic in FPSC is higher than that of the third order harmonic in
HPSC; and 4) the suitable Gz for HPSC is about less than15% in fact.
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Fig.12. System efficiency with different methods at light load.

D. Comparison under same output power
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To compare the proposed HPSC and the conventional FPSC under the same output power, the following
experiment is implemented. The output power here is about 88W and Gy is around 5%. Detailed experiment
data is shown in table IVV. As can be seen from this table the fifth order harmonic in HPSC improves efficiency
of system with 10.09% compared to FPSC.It can be inferred that higher efficiency improvement will be reached
at lighter load. Fig.10 shows the waveforms of inverter output voltage V;., inverter output current I, ,and voltage
on load Vg with FPSC, the third order harmonic in HPSC,and the fifth order harmonic in HPSC,
respectively.fig shows the phase shifted angle is greater at light load for FPSC, which results in great switching
losses remarkably. FFT analysis to the inverter output current Ip is carried out to compare the current spectrum,
which is shown in fig.14 as can be seen from this figure we have the followings.

Switching frequency adopted by HPSC is much lower than resonant frequency resulting that the low-order
harmonic of inverter output voltage takes high proportion.
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Fig.13. SIMULINK diagram of FPSC or HPSC.
TABLE -lII

COMPARISON OF PHASE-SHIFTED ANGLE RANGE UNDER THE SAME RANGE OF NORMALIZED
OUTPUT POWER (1/7%~1/5%).

Start phase- End Phase- | Phase-shifted
Method shifted Shifted angle
angle(®) angle(®) Range(®)

FPSC 156.9 163.6 6.7

Third-order

harmonic in 35.4 43.1 7.7
HPSC

Fifth-order

harmonic in 0 17.8 17.8
HPSC
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The amplitude of inverter output current at resonant frequency is almost of the same. The reason is that the
power is transferred mainly at the resonant frequency.

1) Low frequency harmonics using HPSC is greater than that of FPSC, whereas high frequency harmonics is
lower. This is because the

TABLE-IV

EXPERIMENTAL DATA WITH CONTROL METHODS

Method f; (kHZ) 'W( .:) Vm’.(v) I](%)
FPSC 42.0 125 41.58 53.85
Third-order
harmonic in 14.0 25 39.26 62.27
HPSC
Fifth-order
harmonic in 8.4 0 36.8 63.94
HPSC
2) If high order harmonic is employed to transfer power for HPSC, there will be more harmonic current

components near the resonant frequency. Because the quality factor @ of resonant circuit is not infinite, so the
harmonics components far from the resonant frequency are mostly filtered, but those near the resonant

3) frequency do not decay seriously.

Fig.14. FFT analysis of an inverter output current using different control methods.(a)FPSC.(b)Third-order
harmonic in HPSC.(c) Fifth-order harmonic in HPSC.
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V.CONCLUSION

In this method the switching frequency is set to be much lower than the resonant frequency, but the
frequency of selected harmonic component is the same with the resonant frequency. The phase shifted angle of
the inverter is controlled to regulate the power. The efficiency increases more than 10% at the light load
condition. Analysis and experimental results shows that the proposed method can improve system efficiency
compared with the traditional fundamental based phase shifted control. Furthermore improves the power
regulation and reduced switching frequency has been achieved simultaneously. Results of the investigation
demonstrate that the proposed control method for the resonant converter can effectively improves the converter
performance at the light load condition. Because of the characteristics of HPSC that harmonic component is
adopted, there is a limited range of normalized output power using HPSC, which is less than11.1% in theory.
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