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An Improved Pulse Density Modulation Strategy
Based on Harmonics for ICPT System

Xuerui Sheng

Abstract—To improve the efficiency of high frequency inverter
(HFI) in inductively coupled power transfer system, pulse density
modulation (PDM) is often used. However, the output current of
the HFI fluctuates seriously, especially at light load. It affects the
stable operation of the system and the implementation of zero
voltage switching. In this article, an improved pulse density modu-
lation (IPDM) is proposed to reduce current fluctuation. It applies
harmonics pulse to replace the fundamental pulse and zero state,
and evenly distributes the switching sequence to reduce current
fluctuation. Simultaneously, the best phase-shift angle of harmonics
is obtained by using the transient analysis method to further reduce
the output current fluctuation. The IPDM current fluctuation is
less than PDM and the efficiency become higher at light load by the
theoretical analysis, while PDM is better at heavy load. So, a hybrid
modulation strategy is applied that IPDM and PDM are used for
light and heavy load, respectively. The experimental results show
that the HFI output current ripple coefficient is reduced by 15%
to 62% and the efficiency is improved at light load.

Index Terms—Current fluctuation, improved pulse density
modulation (IPDM), inductively coupled power transfer (ICPT),
zero voltage switching (ZVS).

I. INTRODUCTION

NDUCTIVELY coupled power transfer (ICPT) technology
I is a power supply method which can transfer electrical energy
from a power supply side to a load side based on the principle
of electromagnetic induction [1]-[5]. With the merit of safety
and convenience, ICPT technology has been applied widely in
electronic product charging [6], rail transit power supply [7]-[9],
biomedical implants [10].

The ICPT system consists mainly of transmitter-side con-
verter, coupled mechanism and receiver-side converter. In order
to control the ICPT system efficiently and stably, two methods
have been studied at present. One method regulates the output
voltage by controllable rectifier [11] or dc—dc converter [12] on
the pick-up side. Although the method is simple in control, the
uncontrolled transmitting side may cause some problems, such
as low system efficiency. Another method control high frequency
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inverter (HFI) [13], [14] to stabilize the output voltage and power
by wireless communication.

Recently, there are many research results about the high-
efficiency modulation strategies for HFI, such as frequency vari-
ation (FV), pulsewidth modulation (PWM), phase-shift variation
(PS) and pulse density modulation (PDM).

In [15], FV method based on PLL is proposed to regulate the
output voltage and power. It can achieve zero voltage switching
(ZNVS) at turn-ON, but it still suffers from hard switching at
turn-OFF.

Conventional PWM control method regulating output voltage
or power has been researched in [16], [17]. In [16], the variable
switching frequency and duty cycle are proposed to adapt to
changing conditions. The specific experimental analysis is per-
formed at a fixed duty cycle and the HFI soft-switch problem
was not considered. An adjustable frequency-duty-cycle hybrid
control method was implemented in [18]. It is to greatly reduce
the frequency change by changing the duty cycle. However, this
method still has a large shutdown current and an increase in the
harmonic ratio of the HFI output current when the duty cycle is
small.

PS is the most common control strategy with fixed frequency
and duty cycle for HFI [19], [20]. However, neither ZVS nor
zero current switching (ZCS) can be achieved at turn-ON and
turn-OFF for lagging bridge arms, and the harmonic content is
large. As a result, the efficiency of the HFI is greatly reduced.

In order to realize ZVS or ZCS, a PDM method was proposed
[21]-[23]. The basic idea of the PDM method is to regulate
the output voltage by controlling the time it takes to transfer
energy for a fixed period of time. Its advantage is that ZVS at
turn-ON and quasi-ZCS at turn-OFF can be realized to minimize
the switching losses of HFIs. However, conventional PDM can
cause serious current fluctuation, even current discontinuity at
light loads. This will affect the operation of the system and have
a severe impact on the device. In addition, frequency tracking is
difficult to implement when the current become discontinuous
at light load. The factors that influence current fluctuation are
the quality factor of the system and the pulse distribution of
the PDM. When the parameters of the system are fixed, the
current fluctuation can only be reduced by optimizing the pulse
distribution of the PDM.

An improved pulse density modulation (IPDM) based on
the combination of fundamental, harmonics, and zero state is
proposed in this article. It is to replace the switching sequence
composed of the fundamental wave and the zero state by us-
ing harmonics to obtain a more evenly distributed switching
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Fig. 1.

Main circuit of ICPT system.

sequence at light load. For example, a switching sequence com-
posed of one fundamental and two zero states can be replaced
with a third harmonic. It reduces the HFI output current ripple
by evenly distributing the pulses that transfer energy to the
load throughout the switching cycle. And the efficiency is also
improved at light load. Therefore, IPDM is suitable for light load
and PDM can be used at heavy load.

II. TRADITIONAL PDM

In response to the low coupling coefficient and large leakage
inductance problems, the series—series compensated topology is
adopted to compensate the leakage inductance of the transmit-
ting and pick-up coils in the article [24]. This topology is simple
in structure and has a characteristic that the output current of the
pick-up side is constant.

The main circuit diagram of the ICPT system is shown in
Fig. 1. Uq4. is the dc input voltages of the HFI, U, is the rms
value of the output voltage fundamental wave of the HFI, U.q4
is the rms value of the input voltage of the rectifier bridge of
pick-up side, Ur, is the load output voltage, I,, and I are current
rms values of the transmitting and pick-up coil, respectively,
L,, C,, and R, are the transmitting side coil self-inductance,
compensation capacitance, and transmitting side coil inner resis-
tance, respectively. Besides, L, Cs, and R are pick-up side coil
self-inductance, compensation capacitance, and pick-up side
coil inner resistance, respectively, M is the mutual inductance
between the transmitting side and the pick-up side coil, C is the
output filter capacitor of rectifier bridge of the pick-up side;
R is the system load. The system switching frequency is f,
and its corresponding cycle time is 7, S, S2, S3, and S4 are
semiconductor switches of the HFI, Dy, Do, D3, and D4 are
diodes of pick-up side rectifier.

In the traditional PDM, the output power is regulated by
controlling the time 7, of the inverter switch to deliver energy to
the load within a certain time T);. There are N switching cycles
in T4y, in which the power is delivered to the load only during
P switching cycles, while the power is not delivered during the
remaining N-P switching cycles. The time taken by P switching
cycles is T,,;,. Therefore, the HFI output voltage is proportional
to the pulse density value m that is defined as P/N.

In this article, considering the accuracy of the control, eight
switching cycles is used as a PDM control cycle, and P switching
cycles of energy transfer are evenly distributed [21]. At the same
time, in order to ensure the HFI operates in the ZVS and quasi-
ZCS states, one fundamental switching cycle is one resonant
cycle. Here, we set 1 < N < 8, so that the HFI output voltage
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Fig. 2. Output voltage w4y, and current 4, of the HFI with different m values
of N = 8 when using the traditional PDM.

TABLE 1
SWITCHING SEQUENCES OF THE PDM WITH DIFFERENT N AND m VALUES

N, m SW(N, m) N, m SW(N, m)
N=8,m=0.125 10000000 N=7,m=0.570 1010101
N=7,m=0.140 1000000 N=5,m=0.600 10101
N=6,m=0.170 100000 N=8,m=0.625 11011010
N=5,m=0.200 10000 N=3,m=0.670 101
N=4,m=0.250 1000 N=7,m=0.710 1110110
N=7,m=0.290 1001000 N=4,m=0.750 1110
N=3,m=0.330 100 N=5,m=0.800 11110
N=8,m=0.375 10100100 N=6,m=0.830 111110
N=5,m=0.400 10100 N=7,m=0.860 1111110
N=7,m=0.430 1010010 N=8,m=0.875 111111110
N=2,m=0.500 10 N=1,m=1.000 1

has 22 different output voltage values. And if N is only equal to
8, the HFI has only eight different output voltage values.

Fig. 2 shows the HFI output voltage u; and current 7, with
different pulse density m when N = 8. Table I lists the traditional
PDM with different N values and different pulse density m
values, which are represented by the SW(N, m) function. Here,
the value 1 represents the switch turn-ON, and 0 means the switch
is OFF.

As shown in Fig. 2, when the pulse density is low, the fluctua-
tion of the HFI output current of is large and even a discontinuous
current may occur. This will affect the stable operation of the
HFT and is not conducive to the implementation of the frequency
tracking technology.

III. ANALYSIS OF THE IPDM INVERTER
A. Principle of IPDM

The idea of IPDM technology is to replace the components of
the fundamental wave and zero state in the traditional PDM by
using harmonics. The switching period of the transmitted energy
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TABLE I TABLE III
SWITCHING SEQUENCES OF THE IPDM WITH DIFFERENT N AND m VALUES MAIN CIRCUIT PARAMETERS OF ICPT SYSTEM
N, m SW (N, m) N, m SW (N, m) Symbol Parameter Value Unit
N=8,m=0.125 70 N=7,m=0.570 11310 Use Input DC voltage 300 \%
N=7,m=0.140 7 N=5,m=0.600 131 P Rated output power 20 kW
N=6,m=0.170 50 N=8,m=0.625 113110 N Matching transformer ratio 4:1
N=5,m=0.200 5 N=3,m=0.667 None Co DC bus supporting capacitor 1000 pF
N=4,m=0.250 30 N=7,m=0.710 11311 Cy DC bus high frequency absorption capacitor 022 uF
N=7,m=0.290 330 N=4,m=0.750 None L, Transmitting coil self-inductance 22,14 uH
N=3,m=0.333 3 N=5,m=0.800 None Gy Transmitting side compensation capacitance 1270  nF
N=8,m=0.375 1330 N=6,m=0.830 None R, Transmitting coil inner resistance 0.033 Q
N=5,m=0.400 130 N=7,m=0.860 None Ly Pick-up coil 1# self-inductance 979  uH
N=7,m=0.430 133 N=8,m=0.875 None Lo Pick-up coil 2# self-inductance 982 uH
N=2,m=0.500 None N=1,m=1.000 None Ly Pick-up coil 3# self-inductance 980  uH
L Pick-up coil 4# self-inductance 982 puH
Cs Pick-up side compensation capacitance 0.03  uF
R Pick-up coil inner resistance 0492 Q
can be evenly distributed throughout the IPDM control switching M, Mutual inductance (transmitting & pick-up coil 1#) 17.2  pH
cycle. For example, when N = 4, m = 0.25, the conventional %z muzlla} @nguczance Etransmigﬁng i pﬁcllz-up CO%} izg };; ug
. o . 5 utual inductance (transmitting & pick-up coi .
PDM is composed of one fundamental switching period and M, Mutual inductance (transmitting & pick-up coil 4#) 17.3 t H

three zero-state switching periods. While IPDM is composed
of a third harmonic switching period and a zero-state switching
period.

A period of harmonics can only be introduced if there is
more than one fundamental switching period and a plurality
of zero-state switching periods in a total control switching
period of the conventional PDM. For instance, one fundamental
switching cycle and two zero-state switching cycles can form
a third harmonic cycle. And among all harmonic components,
the third harmonic accounted for the least number of switching
cycles of the fundamental wave. Therefore, when harmonics
are introduced in the IPDM, the number of switching periods P
and the number of total switching periods N should satisfy the
following relationship:

N-P>2. ey

Here, we convert conventional PDM for a certain pulse density
m into multiple different modulation methods consisting of
fundamental, harmonics, and zero states. For example, when
N =7, m = 0.43, the optimized modulation can be divided into
two schemes. Scheme I consists of two fundamental switching
periods and one-fifth harmonic switching period. And scheme
II consists of one fundamental switching cycle and two-third
harmonic switching cycles. Theoretically, it can be seen that
the rms values of the HFI output voltage and current of the
two modulation methods are consistent. But the output current
fluctuation of the scheme I is significantly higher than the scheme
II because the scheme I is significantly lower than the scheme
II for distribution uniformity of switching cycles transferring
energy to the load.

Therefore, when it is to use a combination of fundamental
waves or harmonics, we have to follow the principle that only
adjacent fundamental and harmonics can be combined, such
as fundamental and third harmonic, third harmonic, and fifth
harmonics, etc.

According to the IPDM idea and the principle of combination
of fundamental, harmonics, and zero state, and judging whether
harmonics can be introduced, the modulation results of IPDM
are shown in Table II.

C Output capacitance of each pick-up module rectifier 500  pF

1 represents the fundamental switching pulse; 3, 5, and 7
represent the third, fifth, and seventh harmonic switching pulse,
respectively; and O represents the zero-state switching pulse.
None means that the corresponding N and m cannot be achieved
by the IPDM.

Compared with the traditional PDM, IPDM can optimize the
distribution of P switching cycles to reduce current fluctuation,
especially at light loads. Therefore, IPDM can be used in the
case of light and medium loads.

B. Harmonic Optimization

After phase shifting of each harmonic, the rms value of the
HFI output voltage is the same at some phase-shift angles. The
phase-shift angle is defined as the angle at which the drive of S4
lags behind S1 in the article. For example, when the phase-shift
angles of the fifth harmonic are 0", 72°, and 144°, respectively,
their corresponding HFI output voltages have the same rms
value. Therefore, the output current fluctuation with different
phase-shift angles is compared to obtain the best phase-shift
angle that can achieve the minimum current fluctuation.

Here, we take the fifth-order harmonic as an example. In order
to achieve soft switching and the output voltage constant after
phase shift, the angle can only be 0°, 72°, and 144°. Fig. 3 shows
the HFI output voltage and current waveforms and IGBT drive
signals for the fifth harmonic after phase shifting (HAPS). The
output currents of these three phase-shift angles are analyzed.

The HFI output current i, (¢) is expressed as follows:

Llip ()] = F(s) [Lu(®)] + Lyip(0-) + L{ucy(0-)]] - (2)

where F(s) is the transfer function of the ICPT system, u(?) is the
output voltage of HFI, ¢,(0—) and u¢,,(0—) coil initial current
and compensation capacitor initial voltage. L[ ] is a Laplace
operator.

1) Phase-shift angle 0° during 5 to 15, ucy(t) =
Cpdiy,/dt + v since the transmitting side compensation
capacitor has the function of isolating dc voltage. To
simplify the analysis, it is assumed that the voltage
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Fig. 3. HFI output voltage and current and IGBT drive waveforms for the fifth harmonic at different phase-shift angles. (a) 0°. (b) 72°. (c)144°.
component v of the resonant capacitor can be stabilized A
to Ugc in half a resonant period. Once the HFI output N=8,m=0.125 p=~ — o~ /\VA —> !
voltage changes, the voltage v will be released and the
output current will increase. And it is assumed that it |:I |:|
will only affect the current fluctuation of the half of the N=8,m=0.250 PANIVANPEN PANIAN >
resonance period. Therefore, the change in current can be
divided into two processes within the half of the IPDM T H |;|
control cycle. N=8,m=0.375 /\\/ \/f\ AN AN
In to~t1, u(t) = Uqe, 1p(0-) = 0, ucyp(0-) = f(I,) + v, and M m
v = Uqc, the current is in full state response and the peak value ] H N |;| |_| H A
of the current increases due to the influence of u(7) and v. In N=8,m=0.625 M \VAR4 |_| l\_/l M \Vag
fi~ts, u(t) = Uge, 1,(0-) = 0, ucyp(0-) = f(Ip) + v, and v =
Ude, f(Ip) = \/§Ip JwC,, the current is in a freely attenuated
Fig. 4. HFI output voltage and current with different pulse density m of N =

state. The current in #5~11¢ can be analyzed by the same method,
and the result is consistent with that in fy~fs.

2) Phase-shift angle 72°: the current change can be divided

into four processes within the half of the IPDM control
cycle. Intg~ty, u() =0,4,(0_) = 0, ucp(0-) = f(I,) +
v, and v = Uy, the peak value of the current increases
due to the influence of v. In t1~19, u(t) = 0, i,(0_) =
0, ucp(0-) = f(Ip) + v, and v = 0, the current is in a
freely attenuated state. In fo~rs, u(t) = Uqe, i,(0-) = 0,
ucp(0-) = f(I,) + v,and v =0, the currentis in full state
response and the peak value of the current increases due
to the influence of u(r). In t3~t5, u(t) = Uqg, i,(0-) = 0,
ucp(0-) = f(Ip) + v, and v = —Uyqc, the current is in a
freely attenuated state.
Phase-shift angle 144°: the current change is divided into
three processes within the half of the IPDM control cycle.
In to~t1, u®) = 0, i,(0-) =0, ucyp(0-) = f(I,) + v,
and v = Uy, the peak value of the current increases
due to the influence of v. In 11 ~14, u() = 0, i,(0-) = 0,
ucp(0-) = f(I,) +v, and v = 0, the current is in a
freely attenuated state. In #4~15, u(t) = Uqc, i,(0-) = 0,
ucp(0-) = f(Ip) + v, and v = 0, the current is in full
state response and the peak value of the current increases
due to the influence of u(7).

According to the analysis above, it is obtained that the current
trend can be divided into multiple rising and falling processes
during an IPDM control period. For example, when the phase-
shift angle is 0°, the current can be divided into two rising
processes and two falling processes, wherein 7y to f; and 75 to
t¢ are rising processes, and 71 to f5 and #5 to 1o are falling

3)

8 when using IPDM.

processes. Similarly, when the phase-shift angle is 72° and
144°, the current can be divided into four rising processes and
four falling processes, and two rising processes and two falling
processes, respectively.

Since the rms values of the output current are equal in the
three phase-shift angles in one IPDM period, the more the
number of rising and falling processes in which the current is
divided, the smaller the fluctuation of the current. Finally, the
fifth harmonic with 72° phase-shift angle can minimize output
current fluctuation.

Through a similar current response process analysis method,
the phase-shift angles of the third harmonic and the seventh
harmonic can be selected to be 120° and 77°, respectively.

Fig. 4 shows that the HFI output voltage and current wave-
forms of different pulse density numbers with IPDM when N =
8. It can be seen that the proposed IPDM further optimizes the
distribution of P switching cycles, thereby reducing the output
current fluctuation of the HFI.

C. Switching Scheme and ZVS

According to the current flow direction and switching state,
six switching modes of the HFI are obtained. Fig. 5 shows the
equivalent circuit of transmitting side with six switching modes.
From the view of whether the power source transfers energy to
the load, mode I and mode II can be collectively referred to as
“active mode,” and mode III and mode IV can be collectively
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Fig. 5. Equivalent circuit of transmitting side and six switching modes.
(a) Mode 1. (b) Mode II. (c) Mode III. (d) Mode IV. (d) Mode V. (f) Mode VI.

Fig. 6. Output voltage and current waveforms of HFIL.

referred to as “brake mode,” and mode V and mode VI can be
collectively referred to as “zero-state mode.”

The output voltage and current waveforms with dead time
of HFI are shown in Fig. 6. ¢ is the time occupied by the
output voltage from negative (positive) to positive (negative). It
is necessary to keep the output current negative (positive) during
the process. The 7 can be calculated according to the analysis of
charge and discharge.

Itis clearly that the current in the resonant circuit must be large
enough to change the voltage of HFI to Uy or —Uyq. before the
current crosses zero.

1 2wCUqc
t = —cos ! <1 _ ("}C’Ud) 3)
w I,

where w is the angular frequency corresponding to HFI switch-
ing frequency, C. is the equivalent capacitance of HFI (the
parasitic capacitance and absorption capacitance of IGBT), Uq.
is the voltage of the dc link, and I}, is the output current rms
value of HFI.

Therefore, the calculated ¢ value can be used as the minimum
dead time ¢4 of the IGBT in order to ensure ZVS.
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Fig. 7. Equivalent circuit of the ICPT system and the HFI output voltage and
current waveforms when N = 8 and m = 0.375.

D. Analysis of the Output Current Ripple of the HFI

Fig. 7(a) shows the equivalent circuit of the ICPT system,
Fig. 7(b) shows the complex frequency domain circuit on the
transmitting side of the ICPT system, and Fig. 7(c) shows the
HFI output voltage and current waveforms when m = 0.375.

In order to analyze the fluctuation of the output current,
it is necessary to subdivide the current of one IPDM control
switching cycle into multiple subprocesses. Each adjacent rising
and falling process of the output current peak is defined as a
subprocess. As can be seen from the Fig. 7(c), the whole process
can be subdivided into five subprocesses during an IPDM control
switching cycle. The switching time of these five subprocesses
is T1 to T, respectively.

The steady-state system can be described by the following
equations according to Fig. 7(a) and the KVL:

{ Unh = (jwlp + 5 + Rp) I, — jwMI,

0= (jwLs + 5 + Rs + Reg)1p + jwM1,

“

where w is equal to the resonant frequency of the system, and
R.q is the ac equivalent resistance of the pick-up side.

When both the transmitting side and the pick-up side are in
full resonance state, the impedance of the pick-up side reflected
to the transmitting side can be expressed as

(wM)®
Req + Rs )
Here, subprocess 1 is considered as an example. According

to KVL combined with Fig. 7(b), the following equation of the
transmitting side is obtained:

Z, s_eq — (5)

Uap — Ue(0-)
s

sC'

The transmission side quality factor Q, =2wL,/(R, +
Zs eq), assuming ), > 1, the transmitting coil current is given
by

=1I,(s) (st + i +R,+ Zs_eq) . (6)

ip(t) = ip 1sin(wt). (7

ig,1 is the peak envelope of the output current of the HFI
during subprocess 1. When ¢ = 0, 7/2, and 7, the initial voltage
of the compensation capacitor is xq, X2, and x3. ¢g,; can be
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written as
Uge — 1 - OStST/Q
wLp
) U, — t—T/2
ipa(t) = =P =7 pa<i<T  ©8)
wlLp
_ t—T
L T<t<2T
wLp

where 7 = 2L, /(Z; oq + R)).
According to the relationship between the capacitor voltage
and current, the capacitor C), voltage can be derived as eq. (9)
shown at the bottom of this page.
Since u.,1(0) = x1, Ay can be expressed as
wL,Cpz1

Ay = 22T

10
Uge — 11 (10)

Similarly, x2, x3, Ao, and As can all be represented by x;.
Also, due to u.5(87) = u, 1(0) = x1, x; can be solved. The
current expression for the entire process can be derived, then
the maximum value ig ,,,x and minimum value ¢g i, of the
current peak are obtained. The output current peak-to-peak value
ripple in one IPDM control period can be expressed as

Y

It is distinct the maximum of the current peak is related to the
time taken by the “active mode” during each subprocess, and
the longer the time, the larger the maximum of the current peak.

Similarly, the longer the time occupied by the passive mode,
the smaller the minimum value of the current peak. Therefore,
1E min 18 0 for both PDM and IPDM. Comparing the pulse
distributions of PDM in Table I and IPDM in Table II, it can
be seen that the time taken by the “active mode” of IPDM is less
than PDM during each subprocess for output power lower than
16% of the rated power (N =5, m = 0.4), then i p_ax of IPDM
is less than that of PDM. Finally, the proposed IPDM can reduce
HFI output current fluctuation.

Al = Z’E_max - Z‘E_min~

E. Output Power and System Efficiency

The rms value of the HFI output voltage and output power
can be expressed as

m2\/§Udc _ 2\/iUdc Ton

Tan

Po = Ugb = SU(?C (T0n>2 - PrnaX(fI’on)z
Zeq 772Zeq Ton T

Uab =

s s

(12)

where Py,ax is the HFI output power for Ty, /Tan = 1.
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From Fig. 7(c), an IPDM control cycle can be subdivided
into multiple subprocesses. These subprocesses are mainly com-
posed of switching cycles of fundamental, HAPS and zero state.
In order to simplify the analysis, this article does not consider
the case of harmonics above seventh harmonic. Therefore, in an
IPDM control period T, Ty and Ty are set to the time of the
fundamental and zero-state switching cycles, respectively, and
the time of the third, fifth, and seventh HAPS switching cycles is
Tsrd, Tsen, and Tryp, respectively. Therefore, according to (12),
the average output power of an entire IPDM control cycle is

Tif + Tsea/3 + Ton/5 + T7th/7>2 1)

Po = Pmax
( Toan

According to the above analysis, it is clear that the output
power can be adjusted by simply adjusting the time occupied by
the switching cycles of fundamental, harmonics, and zero state.

Since the time of an IPDM control cycle is T, and the
corresponding frequency is fu);. Using f,); as the fundamental
wave, performing Fourier decomposition on HFI output voltage
within one control cycle, the HFI output voltage can be expressed
as

Uap(t) = uq sin(wit + p1) + uesin(wat + @2)

+ -+ ugsin(wpt + ©p) (14)

where n€N, w1 = 27fa. W, = NW1.
According to (14), the transmitting coil and pick-up coil
current can be expressed as
Zs(4)
wiM)? + Zy(i Do)
jwiM
(wi)* + Zy(ay Zoi

sin(w;t + ;)

ip(t) = i uz(

is(t) =D i g u; sin(w;t + @; — 7/2)

15)

where Z,;y = j(wily — 1/w;Cp) + Ry, Zg) = j(wils — 1/
wiCs) + R + Req, i=12,...,n

Regardless of used modulation strategy, the components of the
HFT output voltage at the switching frequency point are equal
when the pulse densities are equal. The corresponding current
components are also equal.

Itis easy to know that the component of the HFI output current
at other frequency points is related to the magnitude of the
current ripple. And the greater the fluctuation of the current is,
the larger the current component of other frequencies. In other
words, the greater the current fluctuation, the greater the inverter
loss, the inner resistance loss of the transmitting coil and pick-up
coils.

uc,l (t) =

Ude — 21 L a
——F e t— - A
wLyCyp (6 o (w 2> " 1)
Yac + 22 e# sin{ w
—wL,C),

—x t
wL:é'p (e -7 sin (w(t -1T)

0<t<T)/2
t—:g)—g)JrAQ) T/2<t<T ©9)
™



6816

1
C
Ll
. Z‘X J—c
3 phase AC Co L_.
— TUdd e +
; T [ Jn
3 hase_ ' Zﬁ TC Ue
uncor?troilable 1,
rectifier
k[ L
T

Blanking time
generator

—

Fig. 8. Schematic diagram of the tuning method and closed-loop control of
output power.

Therefore, IPDM can not only reduce HFI output current
fluctuation, but also improve system efficiency.

IV. CONTROL STRATEGY

In order to ensure the ZVS implementation of the HFI and
the stable control of the output voltage, the tuning method and
closed-loop control of output power are established, as shown
in Fig. 8. The control scheme can be divided into the following
two parts:

1) A dual closed-loop control strategy is applied. The load
power and the primary current are controlled as outer
and inner loops, respectively. The dual PI closed-loop
control strategy can prevent the excessive current on the
transmitting side caused by the fault of the closed-loop
power control. The output of the double closed-loop con-
trol algorithm is the pulse density number and is sent to the
Field Programmable Gate Array (FPGA) for generating
the drive signal. The dead time is used to prevent the two
switches of one bridge from being turned ON at the same
time to cause a short circuit problem. The dead time can
be calculated by equation (3).

2) A tuning method based on current zero crossing detection
(ZCD) and phase comparison (PC) is applied. First, a fixed
frequency signal (FFS) is generated. Second, PC can be
performed between the FFS and the high-frequency signal
generated by the current ZCD. If the phase angle difference
is less than the phase angle corresponding to the dead time,
frequency is adjusted until ZVS is achieved. This FFS is
used as a reference for forming the drive signal. The dead
time is set to 1 us.

It can be calculated that there are different ZVS frequency
points for different loads. In order to prevent the ZVS frequency
from deviating significantly from resonance point, the frequency
is limited to 29~30 kHz.

Finally, the pulse sequence is determined by the FFS and
switch sequences of the pulse density m. Switch sequence can
be obtained by looking up the table. The FPGA completes the
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Fig. 9. Prototype of ICPT system developed by our laboratory.
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Fig. 10.  Experimental waveforms of the output voltage and current of HFI

using IPDM for 1.5% of the rated output power.

generation of the pulse signal to ensure the synchronization of
the signal.

V. EXPERIMENTAL VERIFICATION
A. Prototype Setup

A prototype of ICPT system developed in our Lab. for medium
speed maglev train is shown in Fig. 9. Table III is the prototype
parameters. The transmitting side is composed of three-phase
uncontrolled rectifier, three sets of full-bridge HFI, and two
matching transformers. The pick-up side system includes four
parallel pick-up modules and uncontrolled rectifiers that supply
power to the load. The solution of laying magnetic cores on the
long-segment transmitting coil is not considered because of cost.
The transmitting coil along the track has two turns with no ferrite
core. In order to increase the coupling coefficient, the magnetic
core on the pick-up is arranged in a spaced manner. In addition to
the modulation strategy, quality factor is an important parameter
that affects the HFI output current ripple. Therefore, a constant
load R = 6 2 is used to keep the quality factor constant during
experiment.

B. Output Current Ripple

Figs. 10-13 show experimental waveforms of the HFI output
voltage u,, and current 4, when using IPDM with different pulse
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Fig. 13.  Experimental waveforms of the output voltage and current of HFI

using IPDM for 39% of the rated output power.

density numbers at N = 8. Their corresponding output powers
range are from 0.3 to 8 kW (1.5%, 6.25%, 14.1%, and 39% of
the rated output power), respectively.

Fig. 14 shows the detailed switching process of the HFI for
6.25% of the rated output power. u; and i; are the voltage across
the switch S; and the output current of the HFI module 1,
respectively. As shown in Fig. 14, the ZVS of the HFI is
implemented at turn-ON to increase the HFI efficiency.
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As can be seen from Figs. 11 and 13, the maximum and
minimum current peak values are 102 and 35 A, 205 and 40 A in
one IPDM cycle, respectively, then Al = 67 A and Al = 165 A.
Fig. 15 shows the output voltage and current waveforms of HFI
with PDM when N = 8, m = 0.25, and m = 0.625 (6.25% and
39% of the rated output power). The maximum and minimum
current peak values are 135 and 15A, 212 and 77A in one PDM
cycle, respectively, then Al = 120 A and Al = 135 A. By
comparing the output current waveforms in Fig. 16, the proposed
IPDM can reduce the output current ripple and solves the current
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Fig. 16. Normalized peak-to-peak ripple coefficient of the output current at
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Load change point
)
S
>
1=
<
>
D
][40.0m$ L25MT/F @/ ]
& soov SM & -209 V =
Time (40ms/div)
Fig. 17.  Output voltage waveform as load changed from 36 to 6 €2.

discontinuity problem at light load. Conversely, the HFI output
current fluctuation of the PDM is smaller than the IPDM at
middle or heavy load.

Fig. 16 shows the normalized peak-to-peak ripple coefficient
with respect to the output current maximum /,,,,x at different
output power by using PDM and IPDM. It is known from Fig. 16,
the output current ripple coefficient is reduced by 15% to 62%
for output power lower than 16% with IPDM compared to PDM.
Especially for output power lower than 11%, the output current
ripple coefficient is reduced by 39% to 62%.

Although the IPDM can also be applicable to some medium
load conditions, the current ripple coefficient will increase. The
main reason is that the introduction of harmonics reduces the
uniformity of the distribution of the switch sequence.

Therefore, the proposed IPDM is better applicable to light
loads. When m > 0.4 (16% of rated output power), PDM is
more feasible.

To illustrate that a hybrid modulation strategy combining
IPDM and PDM can be used to control the output voltage or
power, an experiment was performed in which the load was
switched from 36 to 6 €. The output voltage is maintained at
250 V by controlling the pulse density m. Fig. 17 shows the
output voltage waveform as load changed. Fig. 18 shows the
HFI output voltage and current waveforms before and after load
switching.

It can be seen that the stability of the output voltage can be
achieved by closed loop control. IPDM with m = 0.14 is used
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for R = 36 €2 and PDM with m = 0.71 is used for R = 6 (). In
other words, it is possible to use IPDM at light load and PDM
at heavy load.

C. System Efficiency

Here, the efficiency of measurement and calculation is from
the three-phase grid side to the load side. The systematic effi-
ciency comparison is conducted among PS, PDM, and IPDM.

Fig. 19 shows the system efficiency curves versus the nor-
malized output power for three modulation strategies. It can be
seen the system efficiency of PS is significantly smaller than
PDM and IPDM at the light and middle load, and the system
efficiency becomes low as the output power is decreased. The
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main reason is that the PS inverter cannot achieve ZVS at turn
ON. Both PDM and IPDM can achieve ZVS regardless of light
or middle load. At the same time, the system efficiency of IPDM
has been improved compared with PDM at light load because
IPDM significantly reduces the output current fluctuation. It is
consistent with the theoretical analysis.

VI. CONCLUSION

A proposed novel IPDM based on harmonics is feasible
to reduce the HFI output current ripple and improve system
efficiency at the light load. Conversely, PDM is more suitable
for medium or heavy load. Load change experiment verified
that voltage control can be achieved using PDM and IPDM in
combination. And a comparison experiment about the ripple
coefficient of the output current and the system efficiency was
studied among PS, PDM, and IPDM. IPDM has the following
advantages at light load:

1) The ripple coefficient of IPDM output current is reduced

by 15% to 62% compared to PDM at light load.

2) The IPDM has the best efficiency among PS, PDM, and

IPDM.
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