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ARTICLE INFO ABSTRACT

Keywords: The Series-Series (SS) compensation is one of the most commonly employed topologies for
Inductive wireless power transfer enhancing the efficiency of Wireless Power Transfer (WPT) systems. In this topology, two
Design procedure capacitors are connected in series with the transmitter and receiver coils.

Misalignment

Currently, in the literature, these capacitors are tuned to resonate with the self-inductance of
the coils at the nominal frequency. Anyway, analyzing the circuit, another interesting possibility
emerges: the calibration of the capacitors to resonate with the leakage inductances of the
coupled coils. This approach, currently not investigated in the literature, leads to a system
with significantly different characteristics.

A comparative analysis between these two methods is lacking in the literature. Therefore,
this paper aims to fill this gap by proposing an in-depth comparison between the two design
procedures, with the aim of providing useful insights to designers in selecting the most
appropriate design technique for their application. The analysis includes both steady-state
and transient conditions. In particular, the input impedance, voltage transfer function and the
transmission efficiency at different frequencies and coupling coefficients are compared.

The theoretical results are validated experimentally. The results obtained are extremely
interesting and are particularly useful for selecting the most appropriate sizing technique for a
given application during the design phase.

Extended describing function

1. Introduction

Inductive Wireless power transfer (IWPT) systems are widely used as a suitable solution for charging devices without direct
connections. Since the power is transferred across a large air gap, the coupling coefficient between the magnetically coupled coils
is typically low. To increase the transmission efficiency, resonance compensation is required to operate in resonance and minimize
the reactive power [1]. These compensations consist of additional reactive components, such as capacitors and inductors, connected
to the primary and secondary coils. Several resonant topologies have been proposed over the years. Detailed overviews are given
in [2,3].

The SS compensation allows high efficiency even at low coupling coefficients, making it well suited for applications such as
electric vehicle charging [4]. In addition, the secondary current remains largely unaffected by load variations, making it easier
to control the charging process [S]. This compensation consists of connecting two capacitors, called C, and C,, in series with the
primary and secondary windings, as shown in Fig. 1. The capacitors are then calibrated to resonate at a specific nominal frequency
f,- This condition allows to minimize the reactive power absorbed by the circuit and therefore to maximize the efficiency [6].
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Fig. 1. WPT circuit topology. (a) DC-DC electric circuit. (b) Equivalent model..

Currently, in the literature, the resonance condition is achieved by calibrating the two capacitances CP !and CP! in order
to resonate with the self-inductances of the primary and secondary coils L, and L, at the nominal operatmg angular frequency
w, = 2x f,. Thus, capacitances and inductances are related by [7-13]

Pl _ 1 Pl _ 1
< = oL’ G = ?L M
n=—p n—'s
This design approach, which represents the actual state of the art, is referred to as P1 in this paper.
Analyzing the circuit shown in Fig. 1, another interesting design possibility emerges: the calibration of the two capacitances

C[f 2 and ck 2 to resonate with the primary and secondary leakage inductances Ly, and L. In this case, the capacitances and the
inductances are related by

P2 _ 1 _ 1 P2 _ 1 _ 1
G = 27, 2(1 - k)L, G = 2L.. (1 -kL 2
@, Lip wn( P @y Ly w,,( s

This second design method, called P2, is almost completely unexplored in the literature. After an extensive search of the
literature, only [14,15] have used P2 to achieve a constant voltage gain independent of the load at a constant frequency. However,
there is no comparison with P1 and the analysis is limited to steady-state conditions. In addition, the effects of coupling coefficient
variation are not analyzed.

From (1) and (2) it is clear that these two approaches lead to similar results when the system operates with a low coupling
coefficient (k < 0.2), for example for electric vehicle wireless charging [16,17]. However, for higher coupling coefficients, such as
for consumer electronics applications [18,19], the behavior of these two procedures can significantly diverge and this difference is
currently unexplored in the literature.

For this reason, this paper aims to clarify the consequences of using two different design techniques. The goal is to highlight the
characteristics of each technique both under steady-state and transient conditions.

To this end, the model of the entire converter will be initially derived using the Extended Describing Function (EDF), which
represents one of the most commonly used techniques for extrapolating steady-state and small-signal models for resonant converters.

Once the model is developed, the characteristics of the system designed using P1 and P2 will be compared. As will be shown in
detail in the following Sections, the main interesting and non-trivial results emerging from this study can be summarized as follows:

(1) Procedure P1 ensures operating at maximum transmission efficiency at the nominal operating frequency f,,. This is because
the phase of the input impedance of the compensating network is always zero at the nominal operating frequency f,.

(2) Procedure P2 allows the output voltage to be strongly independent of the coupling coefficient at the nominal frequency f,
while using procedure P1, the output voltage is highly sensitive to changes in the coupling coefficient k.

(3) Procedure P2 leads to a lower harmonic content of voltage and current independently of the coupling coefficients. This allows
the use of the First Harmonic Approximation (FHA) hypothesis without significant errors, making the EDF model particularly
accurate. On the other hand, procedure P1 is characterized by significant harmonic contents, compromising the accuracy of
the EDF model and, therefore, reducing the performance of the closed-loop system.

These three main results are particularly important and can assist the designer in selecting the most suitable sizing technique
for their application.

For example, for those applications where efficiency is the most important aspect, such as biomedical implants where the leakage
magnetic field must be minimized for safety reasons and therefore the efficiency must be maximized, the choice of the P1 procedure
is recommended.
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On the other hand, if the application is characterized by a large possibility of misalignments, the P2 procedure is preferable
to allow greater stability of the output voltage. In addition, for those applications where electromagnetic interferences and
noise-immunity is a key aspect, the procedure P2 is recommended due to its low harmonic contents.

Finally, for applications in which dynamic control is a key aspect, such as for the dynamic charging of electric vehicles in which
the coupling coefficient varies quickly and rapid control is fundamental, the choice of the P2 procedure is preferable as it allows
obtain more accurate dynamic models and therefore better-performing controls.

The paper is organized as follows. In Section 2, the large-signal model based on EDF is presented. This model, based on FHA, is
the starting point for the derivation of the small-signal model required to design the controller. In Section 3, an extensive steady-state
analysis of the voltage transfer function using the two procedures is presented. The aim of this section is to analytically derive the
characteristics of the two procedures and compare their behavior. In Section 4, the experimental validation is carried out. Finally,
in Section 5, the results are discussed in the conclusions.

2. Large signal model based on extended describing functions
2.1. Circuit topology

The electric circuit of the SS compensated WPT system is shown in Fig. 1(a). Modeling the coupled coils by the leakage
inductances L, and L,, and the magnetizing inductance L,,, and using the equivalent circuit of the rectifier presented in [20],
the equivalent circuit shown in Fig. 1(b) can be obtained.

To derive the model based on the EDF the following steps have been observed :

(1) The Kirchhoff’s voltage and current laws have been applied to the circuit of Fig. 1(a), deriving a general non-linear model [20].

(2) Assuming that the system operates close to the resonance, the First Harmonic Approximation (FHA) is used and all the currents
and voltages in the circuits are assumed to be sinusoidal.

(3) All the variables involved in the model are expressed as a combination of sine and cosine terms. As a consequence, a new
set of equations can be derived isolating among them the sine and cosine terms. The obtained set represents the Large Signal
Model [20].

(4) From the Large Signal model, the Steady State and the Small Signal models are derived.

In the next subsections, these four steps are briefly summarized.

2.2. Kirchhoff’s voltage and currents laws

The circuit shown in Fig. 1(a) can be described by the equations:

di, di, di,,
U[:Ucp+Lka+Um:Ucp+Lka+LmW, 3
Um:LmddL;" :Lksi—i:+vcs+vs, (C))
iy = Cy v, ®)
ig= CS%UCS, (6)
iy =1, -1, 7)
iee =iy +iyp =C dvcy | Lo ®)

° dt R,
where v,, and v, are the voltages across the capacitors C, and C;. Since the output voltage v, is equal to the voltage across the
output capacitor C,, the expression of v, can be derived from (8):

. dv,
Uy = Uco = RL lrec — COF (9)

2.3. FHA and extended describing function model

The first step of the EDF approach consists of writing a generic current or voltage signal x in the form:

x = x,(c,) sin(w,t) + x.(c,) cos(wt) (10)
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where ¢, is a generic control variable such as the switching frequency or the duty cycle. It is interesting to note that the derivate
of a signal written in this form can be calculated as

dx _ [dmcu)

dr | dt
dx.(c,)
* [ dt

- cosxc] sin(w,t)
an

+ a)SxS] cos(wgt).

Since in the circuit shown in Fig. 1 there are non-sinusoidal currents/voltages, the next step is to approximate them with their
first harmonic. In particular, the voltages v; and v, are square waveforms, while the current i,,., is the absolute value of the sinusoidal
current i.

Regarding the square voltage with a generic duty cycle D impressed by the inverter, it can be approximated by its first harmonic
v; using the Fourier series expansion as follows:

v; (1) =[%m sin(2z D) cos (th)
+2m[1 — cos(2z D)] sin (coxt)] Voo (12)
V3
= v, sin(w,t) + v;.cos(w,t)

where and v;, = %m[l — cosQxD)IVpe and v;, = %m[sin(Zn:D)]VDC. The coefficient m is 1 if a full bridge is used while it is 0.5 if a
half bridge is used.

Regarding v,, neglecting the forward voltage of the diodes, it is a square wave with an amplitude equal to V,. The first harmonic
of v; and the secondary current i; are in-phase since the rectifier can be approximated by an equivalent load resistance R,, = ﬂ%an L
as shown in Fig. 1(a). With this assumption, v, can be written as:

i)

t) = V,sign(i, (1) =V, . 13
(1) = Vysign(is(D) =V, O] (13)
Applying the Fourier Series Expansion to (13), the first harmonic of v, can be obtained:
v,(t) = 4 l.ﬁva sin (wt) + 4 l_iu0 cos (1) 14
iy oy

where i, is the peak value of the secondary current and it is defined in (15).
The last signal which must be approximated as sinusoidal is the rectified current i,.. This current is the absolute value of the
secondary current, that is:

. . 2. 2 I ]
iree = lip| = ~i = ;\/l?s +i2,. (15)

The factor 2/ is used to extract the mean value from a sinusoidal function.
2.4. Large signal, steady-state and small signal model

Substituting (10)—(15) to (3)-(6), four equations containing terms expressed with sin(w,t) and cos(w,t) can be obtained. Then,
the sine and cosine terms can be divided, obtaining the following equations, which represent the large signal model:

dipg 1 1 1 1 44
ps ss%o .
= —U, —— U, — —— U, — ——— +w,,,., 16
dt Lqu es Leq2 cps Leqm css Leqm i WDl pe (16)
di 1 1 1 1 4ig,
= = T Ues — _Ups — 7 Us T 37— Y 2 +wsisc’ (17)
dt Leqm Leqm Lel Leql T
dv i
d_:x = g + O, 18
P
dv i
d_tm = % + W0, 19
s
di 1 [
e e 1 Upe — € Uge — 1 i—“ 2 — iy, (20)
dt Lqu Lqu Leqm Leqm oI
di v Qg0
Do _ Pee 1 Upe — L Uge — L i—” % — wyl, (21
dt Leqm Leqm Leql Leql T
dv i
dft = g = WUy, (22)
p
dv i
=X _wuo (23)

dt C, srss
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Table 1

Wireless power transfer system characteristics.
Parametro Valore
Operating frequency f, 85 kHz
Duty cycle D 0.5
Input voltage V. 12V
Primary side inductance L, 95.65 pH
Secondary side inductance L, 86.28 yH
Primary parasitic resistance r, 0.73 Q
Secondary parasitic resistance r, 0.70 Q
Nominal load resistance R; 6.1 Q
Output capacitor C, 47 pF

where L., L., and L., are equivalent inductances defined as combination of the self inductances L,, L, and L,,, as shown
in [20]. Finally, the last equation can be derived from (9):
dv, 1

2
Do _ -2 24
di C,R, T 7C,* (24)

The generic large signal model variable x can be split into the steady-state X and small-signal %:
x=X+3%. (25)

The steady-state model can be obtained by setting the derivative (16)-(23) to zero. On the other hand, as shown in [20], the
Small-Signal Model (SSM) can be obtained by rearranging the previous equations in the form:

|~

=A, X+ B,

t 5 s

=C

ss

=)

(26)

<) o

~
X

&

where # is the input of the small-signal model while ¥ is the output. In this paper, the angular switching frequency is chosen as a
control variable, thus & = w, while, since the output voltage regulation is performed, the output is y = v,. The expression of the
matrix A, B,, and C,, are shown in [20]. As shown in [21], the input-to-output transfer function can be calculated as:

_YS) _ G
Taes) ey

1

T,(s) [Ag —sI]™ By, 27)

Finally, using (27), a controller to reach a design phase margin can be easily designed.

3. Resonant compensation design procedures: a comparison

In this section, using the EDFs model previously presented, the steady-state behaviors of the system at different coupling
coefficients using the two procedures P1 and P2 are evaluated. In particular, the comparison is carried out by evaluating the
voltage transfer function M, = V,/V;, the input impedance Z;, and the transmission efficiency #.

The characteristics of the SS WPT systems used in this paper are shown in Table 1.

As previously mentioned, the first design procedure P1 consists of designing the capacitors to resonate with the self-inductances
at the nominal operating frequency f,. Thus, the capacitors can be calculated by the equations:

1 1
chl=— cPl=—. (28)
? L, § @2 L,

On the other hand, the second procedure P2 consists of designing the capacitors to resonate with the leakage inductance. Thus,

the capacitors can be calculated by the equations:

P2 _ 1 P2 _ 1
A A R ST 2

In order to compare the performance of an SS WPT system designed with P1 or P2, multiple designs at different operating
conditions have been investigated.

In particular, the systems have been designed using (28) or (29) for three different coupling coefficients: k = 0.1, k = 0.3 and k
= 0.5. These coupling coefficients have been obtained using two circular spiral coils with a diameter D, = 25 cm and placing them
at a distance of d = 8 cm, d = 5 cm and d = 2 cm respectively. The resonant capacitances calculated using P1 and P2 for different
coupling coefficients are shown in Fig. 2. The difference between values calculated using the P1 and P2 procedures increases as
the coupling increases. Since procedure P1 does not involve the coupling coefficients, the value of capacitances le land CP! are
the same independently from the coupling.
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Case| k Cc,M [ Case| k M cr?
A | 0.1 36.6 nF 40.7 nF A |0.1] 40.6nF | 45.1 nF
B |03 36.6 nF 52.4nF B |03 | 40.6nF | 58.4nF
C |05 36.6 nF 73.3 nF C [0.5| 40.6nF | 81.3nF
80 100 o ”
60 80
E 40 LE: 60
o © 40
0 k=0.1 k=03 k=05 0 k=0.1 k=03 k=05

Fig. 2. Primary and secondary capacitances values using P1 and P2 for different coupling coefficients.

3.1. System analysis using the design procedure P1

Using the EDFs model introduced in Section 2, the steady-state voltage transfer function M, = V,/V; can be derived at different
switching frequency f,. In Fig. 3(a), the M, is shown when the system is designed using P1 for the case A, B, C shown in Fig. 2
considering a nominal load resistance. From the phase plot of the input impedance Z;, shown in Fig. 3(c), it is clear that the resonant
frequency f, occurs at the nominal frequency f, = 85 kHz independently from the coupling coefficients k.

The procedure P1 becomes inconvenient for high coupling coefficients. In fact, as shown in Fig. 3(a), at the nominal frequency
[, = 85 kHz, the output voltage changes significantly as the coupling coefficient increases; increasing the coupling coefficient, the
output voltage is drastically reduced. For this reason, for those applications where a stable output voltage is required in the presence
of large variations in coupling coefficient, such as dynamic EV charging, the P1 procedure may be less suitable. Another drawback
of the procedure P1 is the significative movement of the maxima of the voltage transfer function M, away from the working
frequency as the coupling coefficient increases, as shown in Fig. 3(a). In these conditions, the higher-order harmonics introduced
by the inverter’s square wave are not strongly filtered, producing distortion in the primary and secondary currents. This condition
no longer validates the FHA assumption on which the EDF-based model is based.

As a consequence, the model presented in Section 2 based on the First Harmonic Approximation is no longer accurate, leading
to a less robust small signal model and therefore complicating the design of the closed loop.

In Fig. 3(b)—(d) the same functions considered in Fig. 3(a)-(c) are evaluated when R; =50 Q (to make the results more generic).
As can be seen, the trends are the same. The only important difference is that the absolute values for the V,/V; transfer function
when k increases are quite high if compared with the corresponding ones when the nominal load resistance is considered (even
if the evolution of the V,/V; function increasing k remain more or less the same). As consequence, it is expected that the higher
harmonics had a smaller impact on the electric signals waveforms. The results of the efficiency trends (Fig. 3(e)—(f) will be discussed
in the next paragraph, to make a direct comparison with the P2 strategy).

3.2. System analysis using the design procedure P2

First of all, a converter which works in with a nominal load resistance is considered. The voltage transfer function M, using the
design procedure P2 is shown in Fig. 4(a). Differently from the previous case, the resonant frequency f,, does not correspond with
the operating frequency f, = 85 kHz. In fact, the Zero Phase Angle (ZPA) condition of the input impedance angle ¢,;, at f,, = 85 kHz
(Fig. 4(c)) is almost reached for high coupling coefficients, while the impedance starts to be characterized by a significant angle for
low coupling coefficients. A higher angle of the input impedance leads to a higher reactive power circulating in the compensation,
reducing the transmission efficiency. In fact, the transmission efficiency # is reduced when operating with low coupling coefficients:
since the input impedance has a significant phase, e.g. ¢,;, = —47°, the circuit will absorb reactive power, increasing losses.

The P2 design procedure is particularly useful when operating with high coupling coefficients. As shown in Fig. 4(a), the voltage
transfer function is particularly independent of the coupling coefficient at the operating frequency, i.e. |M,| = 1, ¢, = 0. This
condition is suitable for those applications where the coupling coefficients can vary significantly during operation. For example, for
charging mobile phones, where depending on the precision with which it is positioned there can be large variations in the coupling
coefficient.

Concerning the efficiency, to better highlight the difference between P1 and P2 strategies, the efficiency at f; = 75 kHz, f, =
85 kHz and f; = 95 kHz (relatively to Figs. 3(e) and 4(e)) are reported in Table 2.

The main relevant aspect to underline is that the P2 strategy, especially working in resonant conditions (85 kHz), is able to
grant the best stability in terms of output power and efficiency and also the higher output power as an absolute value. The highest
efficiency occurs for the frequencies where the input impedance reaches its maximum, as visible in Figs. 3(c)—(d) and 4(c)—(d) since
there is a limitation in the current (with a consequent limitation also in the power dissipation in the parasitic resistances). However,
in this way, also the output power is limited (as shown also in Table 2).

Also in this case, Fig. 4(b),(d) and (f) show what happens using a load resistance R; = 50 Q: despite the obvious differences in
terms of the specific values, the generic considerations made with the nominal load resistance are still valid.

The steady-state characteristics of the systems designed using P1 and P2 are compared and summarized in Table 3.
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Fig. 3. Steady-state characteristics using P1 at different coupling coefficients. (a) Gain and phase of voltage transfer function M, (nominal load resistance).
(a) Gain and phase of voltage transfer functions M, (R; =50 Q) (c) Input impedance Z;, (nominal load resistance). (d) Input impedance Z;,, (R, =50 Q). (e)
Transmission efficiency # (nominal load resistance). (f) Transmission efficiency n (R, =50 Q).
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Fig. 4. Steady-state characteristics using P2 at different coupling coefficients. (a) Gain and phase of voltage transfer function M, (nominal load resistance).
(a) Gain and phase of voltage transfer functions M, (R; =50 Q) (c) Input impedance Z;, (nominal load resistance). (d) Input impedance Z;,, (R, =50 Q). (e)
Transmission efficiency # (nominal load resistance). (f) Transmission efficiency n (R, =50 Q).
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Table 2
Efficiency of P1 and P2 strategies for different working frequencies.
k f, = 75 kHz f, = 85 kHz f3 = 95 kHz
P (W) mn P, (W) /23 P (W) n P, (W) m P (W) n P, (W) m
0.1 0.25 0.72 2.48 0.85 11.25 0.92 10.05 0.89 0.76 0.82 0.18 0.73
0.3 9.57 0.93 2.14 0.95 1.35 0.96 10.09 0.92 2.97 0.94 0.7 0.89
0.5 1.30 0.95 2.32 0.94 0.49 0.96 10.10 0.92 0.55 0.95 1.57 0.91
Table 3
Characteristics of P1 and P2 systems.
Property P1 P2
ZPA at the nominal frequency f, (Maximum efficiency at f, = f,) YES NO
Voltage gain independent by coupling coefficient variation at f, NO YES
Low current/voltage harmonic distortion and high accuracy of small-signal EDF model based on FH A NO YES
Table 4
Measured capacitances for P1 and P2 systems.
Capacitor (A) k =0.1 (B) k=03 (A) k =05
C;’l 36.2 nF 36.2 nF 36.2 nF
ESRc,m 29 mQ 29 mQ 29 mQ
ch 41 nF 41 nF 41 nF
ESR¢yn 38 mQ 38 mQ 38 mQ
cr 40.3 nF 51 nF 69.5 nF
ESRc,» 28 mQ 58 mQ 48 mQ
ch 46.5 nF 59.3 nF 80.7 nF
ESRc,m 32 mQ 64 mQ 78 mQ

Fig. 5. Experimental setup.

4. Experimental validation

In order to experimentally validate the characteristics outlined in the previous Section, a laboratory setup capable of reproducing
all the scenarios presented in Fig. 2 was implemented. In this way, thanks to this system, it is possible to assess and experimentally
compare the characteristics of the two sizing techniques. The experimental setup is shown in Fig. 5.

The system constraints are shown in Table 1. Three different capacitors by WIMA have been used to create the capacitances calcu-
lated in (28) and (29): the FKP1U033307K00MSC9 (C = 33 nF), the FKP10121005B00KSSD (C = 10 nF) and FKP10114704C00JSSD
(C = 4.7 nF).

All of these capacitors have a maximum AC voltage of 600 V, which is cautionary enough for this application.

A TTi LCR400 has been used to measure the capacitance value and the external series resistance (ESR) at the operating frequency.
The results are shown in Table 4.

A GS665EVBMB evaluation board, that includes two GaN Systems GS66508T 650 V GaN Enhancement-mode HEMTs (E-HEMTs),
has been used as half-bridge inverter. Once the setup has been realized, multiple steady-state and transient analyses have been
performed as shown in the following sub-sections.
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Fig. 6. Comparison between measured and predicted primary current using P1 and P2 design procedures. (a) k = 0.1; (b) k = 0.3; (c) k = 0.5.

4.1. Steady-state validation

This first analysis aims to understand how the choice of procedures P1 and P2 affect the validity of the first harmonic
approximation (FHA).

The results are shown in Figs. 6 and 7, where the distortion of the primary current is evaluated for different coupling coefficients
and load resistance.

For low coupling coefficients, e.g. k = 0.1 in Fig. 6(a), the current is approximately sinusoidal both for P1 and P2. As expected,
according to Figs. 3(a) and 4(a), the two design procedures provide similar results for low coupling coefficients. Indeed, the quite
high value of M, allows to completely filter higher harmonics.

Increasing the coupling coefficients, e.g. k = 0.5 in Fig. 6(c), the P1 system is affected by higher harmonic distortion. This is in
line with theory; indeed, as shown in Fig. 3(a), the maximum of the transfer function M, shifts away from the nominal frequency
f, = 85 kHz, reducing the filtering effect and increasing the presence of harmonics. On the other hand, using P2, the maximum
is always close to the operating frequency f, = 85 kHz, as shown in Fig. 4(a). As a consequence, the current shows a sinusoidal
waveform for every value of the coupling coefficient, as shown in Fig. 6. A parallel analysis has been performed considering as load
resistance R; = 50 Q. Results are shown in Fig. 7. The P2 strategy provides results which are quite similar to those ones found using
a nominal load resistance. Indeed, also in this case, as shown in Fig. 4(b), M, = 1, so the magnitude of the current fundamental
harmonic is quite higher than the amplitudes of the higher harmonics; as a result, the measured current is sinusoidal. Concerning
the P1 strategy, as predicted previously observing Fig. 3(b), the higher V,/V; gain values when k increases, (compared with the
corresponding values using a nominal load resistance) are able to strongly limit the influence of the higher harmonics in the final
waveform, making it to that one provides using the P2 strategy.

In Fig. 8, the Total Harmonic Distortion (THD) of the primary current at different coupling coefficients, referring to the results
shown in Fig. 6 is shown. As expected, the THD is extremely low for the control strategy P2 independent of the coupling coefficients.
On the other hand, using P1, the THD increases significantly for higher coupling coefficients, i.e. k = 0.3 and k£ = 0.5. Obviously,
the THD for the P1 strategy significantly improves when the load resistance increases.

So, it can be concluded that, while the P2 strategy grants in resonant conditions, independently by the load, a sinusoidal current,
which gives the possibility to use the FHA without approximation, the P1 strategy shows critical issues especially when a high load
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Fig. 7. Comparison between measured and predicted primary current using P1 and P2 design procedures. (a) k = 0.1; (b) k = 0.3; (c) k = 0.5.
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Fig. 8. Comparison of primary current THD at different coupling coefficients.

(low load resistance) is set. In this condition, using FHA to model the converter drives to approximations has a negative impact on
the dynamic performances of the converter, as will shown in the next paragraph.

4.2. Transient validation

To evaluate the accuracy of the dynamic model a closed-loop control has been implemented, as shown in Fig. 9.

Firstly, the output voltage to frequency transfer function 7,(s) = V,(s)/@(s) has been obtained from the small-signal model, using
(27). The Bode diagrams of T, calculated for the three different coupling coefficients and using P1 and P2 are shown in Fig. 10(a)
and (b) respectively.

Then, the controller C(s) has been designed to achieve the desired response. Due to their good compromise between performance
and simplicity, PI controllers have been chosen

Cs)=K,+K; 1 (30)
N
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The coefficients have been chosen using PID Tuner by MATLAB choosing a Bandwidth BW = 175 rad/s and Phase Margin
PM=60°.

Once C(s) has been designed, the controllers have been discretized using the Tustin transformation since this method preserves
both the gain and phase properties of the controller below 1/10 of the sampling frequency. This task is obtained using the
transformation:

2 z-1

== 1
s T, z+1 (31

where T, is the ADC sampling frequency and it has been set to T, = 11.7 ps. Since the ADC has an input voltage range (0-3.3)V, a
voltage divider has been used. Since the maximum output voltage is V,"** = 12 V, the gain of the voltage divider has been set to
K, = 0.275. The PWM signal is then generated by a timer and, the operating frequency f, at step n, is updated according to the
control law:

SInl = pln] +iln] (32)
where

pln] = K e[n] (33)

iln] = %(e[n] +e[n— 1D +iln—1] (34

with e[n] = v, [n]-v,[n — 1].

The procedure shown in the previous lines is well known; its potential is related to the fact that using a simple approach to
model the converter, based on FHA approximation, it is possible to design a control strategy based on a PID controller, which is
typically simple to be used, to realize powerful control strategies. Obviously, the accuracy of the control strategy is depending by
the accuracy of the model; this is reason why the P1 strategy, working with a low load resistance, could give problems with high
k values (where the FHA approximation is not so valid in practice). Two closed-loop tests have been performed on a converter
working with a nominal load resistance. The first one consists on provide a step change of DC input voltage V- from 3 V to 6 V.
The results are shown in Fig. 11, where the red line is the response of the controller designed with P1 while the blue line is when
designed with P2. In particular, in Fig. 11(a), (b) and (c), the responses when the systems operate with k = 0.1, k = 0.3 and k = 0.5
are shown. The settling time that requires the system’s output voltage to reach and stay within a certain 10% of tolerance range
around its final value after the change of input voltage input is shown. As can be seen in Fig. 11(a), for low values of coupling
coefficients, i.e. k = 0.1, the settling time of the controller’s response is approximately ¢;; = 7, = 525 ms. Increasing the coupling
coefficient, i.e. k = 0.3, the procedure P2 starts to perform better, producing a settling time ¢, = 586 ms respect to 7, = 586 ms of
the P1 procedure, as shown in Fig. 11(b). The P2 procedure performs much better for high coupling coefficients, i.e., for k = 0.5,
as shown in Fig. 11(c). In this case, the settling time using the procedure P2 is r,, = 657 ms against the longer settling time of
procedure P1 f, = 1213 ms.

The dynamic performance degradation for high coupling coefficients of the system sized using P1 is also confirmed by measuring
the output voltage transient when the reference voltage is changed from 3 V to 6 V at different coupling coefficients while
maintaining the input voltage at V- = 12V, as shown in Fig. 12. The case with k = 0.1 is shown in Fig. 12(a), where the two
procedures reach the new steady-state value approximately with the same time, respectively 7,; = 261 ms and 7, = 234 ms. Increasing
the coupling coefficient the performance of designing the system with P2 fastly decreases. For example, for k = 0.5, the settling
time using P2 is approximately the six times longer than using P1, since 7,; = 236 ms while 7., = 1245 ms.

For this reason, designing the system using P2 is possible to maintain excellent dynamic performance also when the system
operates at a high coupling coefficient. On the other hand, using P1 and operating at a high coupling coefficient allow to maintain
the stability of the system but the dynamic performance is significantly lower than P2.

5. Conclusions

The comparison between the two sizing techniques has led to interesting application implications. Although at first the difference
between the two procedures may seem irrelevant, the consequences on the behavior of the system are significant.
The main conclusions emerging from this work can be summarized as follows:

» The procedure P2 allows for M, = 1 at f, = f,, independently by the coupling coefficients. On the other hand, using P1
the voltage gain M), is significantly reduced for high coupling coefficients. Thus, for those applications where unity gain is
required at the nominal frequency, the use of P2 seems to be preferable.

« For applications where ensuring maximum efficiency at the nominal working frequency is necessary, procedure P1 seems to be
preferable. In fact, the procedure P1 always allows to operate in resonance at the nominal frequency, achieving the maximum
efficiency. On the other hand, using P2 this condition is not guaranteed.

+ For applications where dynamic control must be particularly rapid, designing the system with procedure P2 seems to be
preferable as it ensures a lower presence of harmonics, making small-signal models highly accurate. On the other hand, when
designing the system with procedure P1 and operating with high coupling coefficients, we found that the presence of harmonics
degrades the model’s accuracy and consequently the controller performance.
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with k = 0.5.
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