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ABSTRACT

This paper presents a technique to control the out-
put voltage of a series-parallel (SP) topology induc-
tive power transfer (IPT) system using only a con-
troller, located on the primary side. This reduces the
cost, size, complexity and loss of the system com-
pared to conventional IPT dual-side controllers. An
asymmetrical duty cycle control (ADC) of full-bridge
inverters was used to control the DC output volt-
age to its designed value. Additionally, a zero volt-
age switching (ZVS) operation can be obtained at
all power levels by varying the switching frequency
of the inverter. Theoretical analysis was performed
through a mutual inductance coupling model and ver-
ified by computer simulation. Experimental results
of the circular magnetic structure IPT system with
an adjustable air-gap confirm the validity of the pro-
posed controller. The system efficiency was improved
throughout the operation and the improvement be-
came obvious as the output power was decreased.

Keywords: IPT System, SP Topology, Primary Side
Controller, ADC Control, ZVS Operation

1. INTRODUCTION

Recently, an inductive power transfer (IPT) tech-
nique has received much interest and has been widely
adopted. This technique allows for contactless power
transfer from a source to a load over a relatively large
air gap via magnetic fields. Due to the use of in-
ductive coupling, there is no direct physical or elec-
trical contact between the electric source and load.
This makes them safer and more convenient com-
pared with conventional conductive power transfer.
Such a new technology has been used successfully in
many applications including a material handling sys-
tem, public transport system, EV battery charger,
consumer electronics and medical implantable devices
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[1-3]. Fig. 1 shows a typical IPT system. The pri-
mary and secondary compensations are used to com-
pensate for the reactive power required by the coils.
By doing that, the power transfer capability or sys-
tem efficiency can be increased. Thus, compensation
capacitors may be connected in series (S) or paral-
lel (P) to the primary coil, secondary coil, or both
coils. The commonly used compensation topologies
are series-series (SS), series-parallel (SP), parallel-
series (PS), and parallel-parallel (PP) as illustrated
in Fig. 2 [4-6]. Parallel compensation on the primary
side as in PP and PS requires an additional inductor
to form a current source, which increases the cost and
complexity of the system. The key benefits of the SP
topology compared with the SS topology are that the
inverter current and the voltage stress in the primary
capacitor are lower, for the same output voltage [7].
The SP topology was examined in the current work.

To control the DC output voltage of the IPT sys-
tem, a secondary side controller is required to mod-
ulate the switch mode DC-DC converter located on
the load side, also known as the conventional IPT
dual-side controller [8,9]. This increases the cost, size,
complexity, and loss of the system. Also, it may cause
excessive heat and therefore cannot be used in some
applications such as implantable medical devices [10].
To overcome the aforementioned drawbacks, the out-
put voltage control of the IPT system using only
a controller located on the primary side was intro-
duced with SS topology [11-13]. For SP topology,
a load variation may result in non-ZVS operation if
fixed frequency control is adopted [14]. Powering up
from the non-ZVS operation unavoidably affects the
inverter efficiency. This is due to the change in the
reflected reactance in the primary circuit, related to
the primary resonant frequency. Owing to its sim-
ple control and easy implementation, ADC control
is a common technique chosen for many full-bridge
inverters. However, non-ZVS operation may occur
during adjustment of the duty cycle of the inverter
voltage.

This paper presents an output voltage control
method of SP topology IPT systems using only a
primary side controller where the variable frequency
ADC control of a full-bridge inverter is applied. The
DC output voltage can be controlled to its designed
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value by adjusting the duty cycle of the inverter volt-
age while the ZVS operation is maintained by varying
the switching frequency. The removal of the DC-DC
converter and controller in the secondary circuit re-
duces the cost, size and complexity of the system. Its
efficiency can be improved over the fixed frequency
ADC control. Theoretical analysis of the non-ZVS
mode due to load and angle variations was performed
and verified by computer simulation and experimen-
tal results.

2. THEORETICAL ANALYSIS

Non-ZVS operation due to the load and alpha an-
gle (o) variations was analyzed in this section based
on the mutual inductance coupling model of an SP
topology IPT system. Additionally, the minimum
switching frequency that achieves ZVS operation for
a given load resistance and « angle was introduced.
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Fig.1: Typical inductive power transfer (IPT) sys-
tem.
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Fig.2: Commonly used compensation topologies.

2.1 Mutual inductance coupling model

The commonly used model for an IPT system oper-
ating with mutual inductance coupling is illustrated
in Fig. 3 (a) [15]. The primary circuit is supplied
with a sinusoidal voltage source (V). The compen-
sation capacitors, C; and Cs, are connected in se-
ries with the primary coil and in parallel with the
secondary coil, respectively, to form an SP topology.
The coupled coil has a mutual inductance, M, and
self-inductance values, L; and Ls. The winding resis-
tances of both coils are denoted as Ry and Rs. Ry,

is the load resistance. The induced voltages in both
coils are shown in series with the coil’s inductance.
Since Ry < wlLs, the secondary coil impedance

is Zo &~ jwls. Using the source transformation, the
resistance Ry is combined with the load resistance Ry,
as,

, _ Ru(R3+X7,)
RL - 2 2 (1)
RoRp + (R5 + X75)

The system is transformed from Fig. 3 (a) to 3 (b).
At resonant frequency, the load voltage can be ob-
tained by,

- M?lR/

Zp,=—+1L 2
L Ty (2)

Thus, the secondary current in Fig. 3 (a) is calculated

as,

_ JweMI, -Vp

Ry + jwoa Lo

I,

R,

Fig.3: Mutual inductance coupling model of the SP
topology IPT system.

The reflected impedance referred to the primary cir-
cuit can be obtained by dividing the primary induced
voltage by the primary current as [15],

—Jjwo2 M I 5
I,
Substituting (3) into (4) results in,

7, = (4)
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ngMQ(RQ + RIL) — jwogMQ(w(%QLQ — RILRQ/LQ)

oo Ry + w13

(5)
From (5), the reflected resistance and capacitance
which are connected in series with the primary wind-
ing as shown in Fig. 3 (¢) can be defined in (6) and
(7), respectively, as,

R WM(Rs + R))
T Rt whL

(6)

_ w02M2(w§2L2 — RILRQ/LQ)
RS+ wiy L3

Xer (7)

From Fig. 3 (¢), the primary resonant frequency and
the reflected capacitance can be calculated as,

1

w1 = ——— (8)
L1< - )
C1 + Cr
and,
1
C, = 9
WOQXCT ( )

From (7)—(9), the load variation affects the value of
the reflected capacitance. This causes the primary
resonant frequency to change. The ZVS and non-
ZVS operating regions are illustrated in Fig. 4. If
the switching frequency (fs) is fixed as indicated by
the solid line, non-ZVS operation will occur when the
load resistance is decreased. This is the case where
the switching frequency becomes lower than the pri-
mary resonant frequency. In other words, the system
will operate in a non-ZVS mode if the load resistance
is decreased from its design value of 50 2. Addition-
ally, non-ZVS operation is rather sensitive to the re-
duction of the load resistance and to the incremental
magnetic coupling coefficient (k).

2.2 Asymmetrical duty cycle (ADC) control

ADC control is one of the commonly used controls
for a full-bridge inverter. Gate signals and output
voltage waveforms obtained from the ADC control
are shown in Fig. 5. The gate signals Vg4 and Vgs
are identical to Vg1 and Vgs signals, respectively.
Each pair of switches operates in a complementary
manner. Thus, the alpha angle («) of the inverter
output voltage (Viny) is controlled by adjusting the
duty cycle (D) of Vgi. The amplitude and phase
of the fundamental component (vi) of the inverter
output voltage, can be obtained by,

N

Vi

4Vpe (a)
= cos | —
s 2

(10)

and

«

¢v1 = 5 (11)

where ¢, is a phase difference between the inverter
voltage and its fundamental component as shown in
Fig. 5. Taking the rising edge of an inverter volt-
age as a reference, the voltage v1 always leads v;y,, or
¢,1 > 0. The primary circuit current is represented
by i1, as shown in Fig. 5, where ¢;; is a phase dif-
ference compared with the inverter voltage. From (2)
and (10), the relationship between the output voltage
(V1) and the duty cycle (D) of the inverter voltage
can be expressed as,

[N

7| _ 4Vbe MRy cos[(0.5 — D) x 1807
| =

- 7TL2(R1 +RT) (12>

Clearly, the magnitude of the output voltage is at its
maximum at D = 0.5 and decreases with the duty
cycle. By adjusting the duty cycle, the magnitude
of the output voltage can be controlled. From Fig.
3 (c), the input impedance as seen from the voltage
source is calculated as,
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Fig.4: Non-ZVS operation due to load variation.

N

Vin = (Rl + RT) +](XL1 - XCl - Xcr) (13>
The phase angle is obtained by,
Im{Z;,
0. =tan”! m{Zin} (14)
in RG{Z”L}

In a typical operation, most IPT systems are con-
nected with a high quality factor (Q) circuit. The
inverter voltage and primary current can be approxi-
mated by the fundamental components, (v1) and (i).
Thus, ¢;1 can be approximated as,

Pi1 = Pv1 — 921-” (15)



74 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.11, NO.1 May 2017

VGI 7VG4 |
Ve2,Ves | l
D*Tg a
< > I<—l Vinv
+Vpe — "2
I Sy v‘/ T
®v1 ~ L
F-Lb < N
~ P 1
-Vpe D1 =
a To/2 i

Y

Tg

Fig.5: Gate signals and output voltage waveform of
the full-bridge inverter with ADC control.

In Fig. 5, the condition for ZVS operation is that the
primary current lags the inverter voltage or,

¢ <0 (16)
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Fig.6: Non-ZVS operation due to o angle variation.

A plot of ¢;1 against the o angle is shown in Fig.
6 where the targeted load resistance is 50 2. As seen
from the plot, the primary current will lead the in-
verter voltage (¢;1 > 0) when the « angle is higher
than 0°, which causes non-ZVS operation. The phase
difference, ¢;1, is increased with the o angle. When
the load resistance is decreased from its design value,
¢i1 becomes greater than 0° even at o = 0°. For
a given « angle and load resistance, the minimum
switching frequency that achieves the ZVS condition
(¢s1 = 0°) can be calculated as,

fs,min A C . M2 (17)
™ 1 1 L_2
ClMQRL tan (g)
and A= 2 (18)

L3

As seen from the plot of fsmin against a angle in
Fig. 7, to maintain ZVS operation, the switching fre-
quency must be increased from the primary resonant
frequency after the o angle is increased. The value
of fs min is increased with the a angle. Moreover, a
high load value tends to require a higher switching
frequency to achieve ZVS operation.

3. VERIFICATION

To verify the proposed control and analysis, a
computer simulation was performed. Fig. 8 shows
that the circuit used in the simulation consisted of a
DC voltage source, full-bridge inverter, coupled coils,
compensation capacitors and a resistive load. The
circuit para-
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Fig.7: Minimum switching frequency to achieve a
ZVS operation.
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Fig.8: Simulation circuit.
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meters used in the simulation are listed in Table 1.
Simulation waveforms of the IGBT voltage (V_G1),
IGBT current (I.G1), inverter voltage (V_inv) and in-
verter current (I_inv) at various load resistances and
« angles are illustrated in Figs. 9-13. In Fig. 9, when
the load resistance was at the design value (50€2)
and the a angle was set to 0°, and ZVS operation is
achieved. The primary current is essentially in-phase
with the inverter voltage causing a phase difference
¢i1 of 0°. Here, the system is operated at its primary
resonant frequency. When the load resistance was de-
creased to 1  while « and fs remained unchanged,
non-ZVS operation occurs as illustrated in Fig. 10.
The primary current slightly leads the inverter volt-
age and ¢;; becomes positive. This is in agreement
with the results shown in Fig. 4. When the o an-
gle was increased from 0° to 90°, non-ZVS operation
also occured as illustrated in Fig. 11. This agrees
with the results observed in Fig. 6. Fig. 12 depicts
non-ZVS operation when RL was decreased from 5052
to 10Q2 and « was increased from 0° to 135°, while f;
was fixed at 63.5 kHz. By increasing the switching
frequency to 66.68 kHz, as obtained from (17), the
system can be restored so that it operates under a
ZVS condition as shown in Fig. 13. This verifies the
previous theoretical analysis.

V_inv I_inv*5
40
20 P Py 13 o~

~J Linv

0 Vi -
" /] AV _inv N A

‘v N - o N St
0 :

V.61 1G5 /I_Gl /V_Gl
- 4
. — 4 i
20 N TINQ PN PN
0 S N BN A N At N
0
-10 -
0.0039 0.00391 0.00392 0.00393 0.00394 0.00395

Time (s)

Fig.9: Simulation results of a ZVS operation (Rp=
50 Q, o =0° and fs = 63.5 kHz).
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Fig.11: Simulation results of a non-ZVS operation
(R,=509Q, a =90° and f; = 63.5 kHz).
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Fig.12: Simulation results of a non-ZVS operation
(Rp,= 109, a = 135° and f; = 63.5 kHz).
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Fig.13: Simulation results of a ZVS operation (Ry =
109Q, a = 135° and f; = 66.68 kHz).
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Fig.10: Simulation results of a non-ZVS operation
(RL=1Q, a =0° and fs = 63.5 kHz).

4. PROPOSED CONTROLLER

From the previous section, non-ZVS operation oc-
curs when the load resistance is decreased from the

Fig.14: OQwverall system of the proposed controller.
while the system is operated at a fixed frequency.
However, by increasing the switching frequency, the
inverter is operated in a ZVS mode. Therefore, the
controller proposed in this paper is based on a vari-
able frequency control. Fig. 14 shows the overall
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Fig.15: Flowchart for the microcontroller.

system of the proposed controller. The primary cir-
cuit is supplied by a full-bridge inverter to produce a
high frequency voltage. The induced voltage on the
secondary side is then modulated using a full-wave
rectifier. The aim of the proposed controller is to
modulate the DC output voltage at the desired value
under a ZVS mode of operation. Variable frequency
asymmetrical duty cycle (ADC) control of the full-
bridge inverter is used in the proposed method. To
regulate the DC output voltage, the a angle of the
inverter voltage (Viny) was controlled by adjusting
the duty cycle of the gate signal Vg;. The switch-
ing frequency of the inverter circuit was adjusted for
ZVS operation. As shown in Fig. 14, signals fed back
to the controller are the DC output voltage (Vout),
inverter current (I,,) and gate signal (Vgi). The
phase of the inverter current was obtained by a zero
current detection (ZCD) circuit. The gate signal,
VG1, represents the phase of the inverter voltage.
The flowchart of the proposed controller is shown in
Fig. 15. The phase difference between the inverter
voltage and current (¢;1) was obtained using an input
capture function of the microcontroller. An analog to
digital function was used to obtain the value of the
DC output voltage (Vout). First, a ZVS condition
(¢i1 < 0) was checked. If the system is operating un-
der a non-ZVS mode, the controller will increase the
switching frequency until a ZVS mode is achieved.
Then, the output voltage condition is checked. If the
DC output voltage is lower than the reference voltage
(Vief), the controller increases the duty cycle of Vg
to increase the output voltage. Alternatively, if the
DC output voltage is higher than the reference value,
the controller will decrease the duty cycle of Vg1 to
reduce the DC output voltage to the desired value.
The process of the duty cycle adjustment stops when
the output voltage is equal to the reference voltage.

The steps for duty cycle and switching frequency
adjustments, as shown in Fig. 15, are empirically
obtained where the optimum response is taken into
consideration. The switching period of the inverter is
denoted by “T” while “e” is an error from a compari-
son between the output and reference voltages. Since
the primary quality factor (Q1) is relatively high, its
bandwidth is narrow. The change in frequency is
very sensitive to the phase difference between the in-
verter voltage and current (¢;;). The minimum step
of the switching period variation was chosen as 33.9
ns, which is the smallest achievable step of the se-
lected microcontroller. Larger values of the frequency
step may cause an increase in ¢;1, sacrificing system
efficiency and output power. To improve the system
response, the change in the step for the duty cycle
is dependent on the error (e). A large change step
causes an overshoot in the response. If the change
step is too small, it may take longer for the response
to reach a steady state.

5. EXPERIMENTAL RESULTS

To validate the proposed controller, an experimen-
tal setup, as shown in Fig. 16, was implemented.
Experiments of output voltage control due to step
changes in reference voltage and air gap were per-
formed.

5.1 Design of a coupled coil

The design objective was to send an output power
(Pout) of 200 Watts to a 20 Ohm load resistance (Ry,)
with

Fig.16: FExperimental setup.

90% efficiency (n) from a 30 Volt DC (VDC) input

with a switching frequency (fs) of 63.5 kHz.

The design constraints were:

1) Primary coil is identical to secondary coil (L; =
LQ and R1 = RQ)

2) The system is operated at a secondary resonant
frequency (fs = fo2).

3) The quality factor of the primary circuit was high
(Q1 > 10).
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Table 1: Measured circuit parameters with a 6 cm
airgap.
Parameters Value

Ly 104.1 pH

Lo 105.8 uH

M 40.07 pH

k 0.38

Ry 0.2592

Ro 0.2592

From the design objective and constraints, coupled
coils were designed as follows.

At first, the required magnitude of primary current
is calculated from,

WPout

T, = 19
’ 1‘ 2nVpe (19)
7(200)

= 72(0.9)(30) =11.64 A

From (19), the diameter of a conduction wire is se-
lected for the designed current. The required mag-
netic coupling can be obtained using the calculated

[N

11| as,

_ 2(200)
N (11.64)2(20)*0'384

Next, the minimum value of the primary coil’s in-
ductance for a high primary quality factor can be
calculated as,

20Vpe

72 fo2

Ll,min = (21)

Iy

20(30)
_ — 82.25 uH
72(63.5k)(11.64) .

The exact value of the coil’s inductance is depen-
dent on the air gap. The larger the air gap distance,
the greater the inductance needed to achieve the re-
quired magnetic coupling. The maximum value of the
coil’s resistance with a primary quality factor higher
than 10 can be obtained using the calculated L min
as,

2(Pout/77 - Pout)
2

2

+ k2|1

Rl,max =

(1- RL/QﬂfO2L1,min)]

(22)

From (22), the calculated value of Ry max was 0.31 €.
From the calculated design values, the coupled coil
can be implemented. Due to the advantage of scal-
able functions, a coupled coil with a circular magnetic
structure was used in this study. A ferrite arrange-
ment was selected since it exhibits the highest value
of ferrite utilization, as discussed in [16]. A litz-wire
made from 50 AWG 31 wires was used as the con-
duction wire. The primary and secondary coils were
identical and consisted of 16 turns of litz-wire. Each
coil had 12 pieces of ferrite bars attached, as shown
in Fig. 16. The measured circuit parameters at a 6
cm air gap are listed in Table 1. Load resistance used
in the experiment was 20 (2. The secondary resonant
frequency was 63.5 kHz. The DC input voltage was
maintained at 30 V.

5.2 Output voltage control

Experimental results of the output voltage control
under a step change of the reference voltage are shown
in Figs. 17-20. For comparison, the results from both
fixed and variable frequency ADC controls are shown
for both ZVS and non-ZVS operations. Experimental
results of the DC output voltage control with a step
change in the reference voltage from 63 to 40 V are
shown in Figs. 17 and 18, for fixed and variable fre-
quency ADC control, respectively. At the beginning
of operation, the DC output voltage was set to 63 V
where a = 0° and f; = 63.5 kHz. ZVS operation was
achieved since the primary current was in-phase with
the inverter voltage as shown in Figs. 17 (b) and 18
(b). Then, the reference voltage was changed to 40
V. The DC output voltage was decreased to 40 V for
both fixed and variable frequency ADC control by au-
tomatically decreasing the duty cycle of the inverter
voltage. In Fig. 17 (c), non-ZVS operation occurred
as seen from the leading phase of the inverter current
compared with the inverter voltage. In fact, the «
angle was
greater than 0° and the switching frequency was
fixed. However, by the use of the proposed variable
frequency ADC control, ZVS operation could be ob-
tained by automatically increasing the switching fre-
quency. This results in a lagging phase of the pri-
mary current as shown in Fig. 18 (c¢). Figs. 19 and
20 show the step response of DC output voltage with
a step increase in the reference voltage from 30 to 50
V. At the beginning of operation where DC output
voltage was set to 30 V, non-ZVS operation occurred
as shown in Figs. 19 (b) and 20 (b). This was due
to a > 0° when f; was fixed at 63.5 kHz. Then,
V5ot was instantaneously increased to 50 V. The DC
output voltage was increased to 50 V by varying the
duty cycle of the inverter voltage. Non-ZVS opera-
tion was observed in the system with fixed frequency
ADC control as shown in Fig. 19 (c¢). With the pro-
posed variable frequency ADC control, ZVS opera-
tion can be obtained by automatically increasing the
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controller.

switching frequency, as seen in Fig. 20 (c).

The change in the air gap caused the magnetic cou-
pling (k) to change which resulted in output voltage
variation. However, with the proposed controller, the
output voltage can be regulated. For example, if the
air gap is decreased then, the coupling coefficient k
is increased. This causes the output voltage to be re-
duced. From the flowchart in Fig. 15, the duty cycle
must be increased to adjust the output voltage while
keeping the system operating in a ZVS mode through
switching frequency variation. The experimental re-
sults of DC output voltage regulation for the case of

a changed air gap distance is shown in Fig. 21. The
reference voltage is set to 30 V. The coefficient, k,
was increased from 0.38 to 0.52 by decreasing the air
gap from 6 cm to 4 cm. This caused the output volt-
age initially decreased. Then, it was restored to 30 V
with ZVS operation by automatically increasing the
duty cycle and switching frequency. Thus, from the
results shown in Figs. 17-21, the proposed controller
can be validated.

Fig. 22 shows the output voltage response when
the duty cycle step was increased from 0.02 to 0.2.
The output voltage response had a higher overshoot
and longer settling time compared with the results in
Fig. 18. This was due to an inappropriate duty cycle
change step. As stated earlier, an empirical method
was used to select the changing step for simplicity. An
optimal controller design and system stability analy-
sis will be done in future work.

An efficiency comparison of the ADC control with
fixed and variable frequency for the same angle and
output power is shown in Fig. 23. The efficiency of a
variable frequency control was higher than for fixed
frequency control at all & angles due to a lower power-
up switching loss. With a = 0°, both controls had the
same efficiency of 74.3%. Once the output power was
decreased, indicated by an increase in the « angle,
the difference became obvious. At o = 135°, the
efficiency of the proposed variable frequency control
was 13.7% higher.

6. CONCLUSIONS

The output voltage control of the SP topology IPT
system using a primary side controller is proposed in
this paper. The absence of a DC-DC converter and
secondary side controller reduces the cost, size and
complexity of the system. An ADC control method
was implemented on a full-bridge inverter to control
the DC output voltage through the inverter voltage.
In addition to ZVS operation, the switching frequency
of the inverter circuit was also varied. Theoretical
analysis of the non-ZVS mode due to load and a an-
gle variations was performed based on a mutual in-
ductance coupling model.

Simulation and experimental studies were per-
formed. Experimental results of the DC output volt-
age control due to reference voltage and magnetic
coupling variations validated the proposed controller.
The system efficiency was improved and this become
obvious as the output power was reduced. An op-
timal controller design and system stability analysis
will be done in our future work.
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