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ABSTRACT The main theme of this paper is to propose an optimal inductor design method for GaN-based
PFC. The proposed method is developed based upon the minimization of PFC total losses, which include
copper losses, core losses and switching losses of power devices. A systematic design flow chart is proposed
to give the optimal turn number and stack number subject to the window area of core and minimization of
PFC total losses. The proposed optimization design method is confirmed by analysis results first and then
simulation results using ANSYS®. The designed optimized inductor is applied to a GaN-based 1.5 kW
Totem-pole PFC for server power and the experimental results show the peak efficiency goes up to 97.5%
and 99%, under 115V and 264V of input voltage, respectively. The results fully support the effectiveness of
the proposed optimization design method.

INDEX TERMS Totem pole PFC, inductor design, core losses, copper losses, switching losses.

I. INTRODUCTION

It is well known that the performance indexes for high per- Boost QE,'J Qv

formance two-stage server power include efficiency, size and inductor ;

cost, to give high power density. The two-stage server power ~ L —— E,El
consists of the PFC front end and the DC- DC stage. The v, "I: —ﬁ}

two-stage efficiency of 94% under 50% load is required Q

by 80 PLUS Titanium efficiency code [1] for 115Vac input A Qc

voltage. To meet this code, the efficiency for PFC front-end FIGURE 1. Totem-pole PFC.
stage should be higher than 97% if the efficiency for DC-DC
stage is 97%.

Several PFC topologies [2], [3], [4], [5], [6] have been
proposed to meet the concerns, including efficiency and com-
ponents count. The related component counts for different
topologies are summarized in [7]. As presented in [7], the
Totem-pole (TTP) PFC topology shown in Fig. 1, is recom-
mended for higher efficiency concern. This topology requires
less power devices in the magnetizing and demagnetizing cur-
rent paths, leading to reduced conduction losses inherently.
It utilizes two high frequency power devices (typically wide
band gap device) that operate at high switching frequency.
Additionally, it employs two low frequency power devices
(generally MOSFET) that operate at the line frequency with

almost no switching action. As a result, this topology only
requires two switching power devices, thereby minimizing
switching losses.

Moreover, the power devices and boost inductor in PFC
contributes to the losses relevantly. More recently develop-
ment of wide band gap devices, including Silicon Carbide
MOSFETs and GaN MOSFETs are used due to low switching
losses, especially turn-off losses [8], [9], [10]. For the design
of PFC, inductor design is a degree of freedom when the
power devices and topology are selected.

For conventional approaches to inductor design includes
Area-Product (Ap) and geometric constants (K, and Kg4c)
[11], [12]. However, these methods require predefined param-

The associate editor coordinating the review of this manuscript and eters such as maximum flux density (B,,.) and current
approving it for publication was Ali Raza . density (J). In [13], the inductance is determined based upon

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
104452 VOLUME 11, 2023


https://orcid.org/0000-0002-6490-3001
https://orcid.org/0000-0003-0947-3616

Y.-Y. Huang, Y.-S. Lai: Optimal Inductor Design Method for GaN-Based PFC

IEEE Access

current ripple. However, the current ripple is decided without
any optimization performance index. In [14], [15], and [16]
the summation of core and copper losses is considered as
the optimization index for the inductor design to reduce the
thermal impact.

However, it is important to note that the working point
of an inductor vary based on the input voltage for PFC
applications. As a result, the inductor ripple current at each
working point gives not only the core and copper losses but
also the switching losses of the power devices. In [14], [15],
and [16], only copper and core losses at a single working
point are considered. The switching losses are not considered
for inductor design in [14], [15], and [16], neither.

Table 1 provides a summary of various inductor design
approaches [12], [16], [17], [18], [19], including their power
ratings, efficiencies, power device losses, copper losses, core
losses, DC bias, inductor volume, and current non-linearity.
However, it is worth noting that none of these approaches
considers all of these factors comprehensively for the design
of inductor.

This paper expands upon the findings presented in [20] and
more details of the optimized inductor design is included in
this paper. An optimal inductor design method for GaN-based
PFC is proposed in this paper. The proposed method is devel-
oped based upon the minimization of PFC total losses, which
include copper losses, core losses and switching losses of
power devices at six working points in a quarter fundamental
period. A systematic design flow chart is proposed to give the
optimal turn number and stack number subject to the window
area of core and minimization of PFC total losses. The pro-
posed optimization design method is confirmed by analysis
results first and then simulation results using ANSYS®.
The designed optimized inductor is applied to a GaN-based
1.5 kW Totem-pole PFC for server power and the experimen-
tal results show the peak efficiency goes up to 97.5% and
99%, under 115V and 264V of input voltage, respectively.

This paper is divided into five sections. Section II intro-
duces loss calculation of inductor and power device for
the continuous conduction mode (CCM) PFC. Section III
presents the proposed efficiency-optimized inductor design
based on the minimization of PFC losses. In Section IV,
simulation and test results for of the proposed optimized
inductor design method are presented. Finally, Section V
gives the conclusions of the study and summarizes the key
contributions of this paper.

Il. LOSS CALCULATION OF INDUCTOR & POWER DEVICES
Figure 2 shows the loss map of a PFC, including the inductor
and power device losses. It is well known that the induc-
tance value of PFC will affect the input current ripple under
CCM. The more the inductance value is, the less the ripple
will be. The fundamental component of the PFC current
depends on the ac voltage and the power delivered, but
not from the inductance. Therefore, the conduction losses
of power devices is not included in the analysis of this

paper.
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FIGURE 2. Loss map of PFC.

The calculation of core and copper losses of inductor,
as well as switching losses of power devices will be presented
in this section for the development of the proposed inductor
design method to follow.

A. COPPER LOSSES
Both AC and DC losses of copper are considered as shown
in (1). The DC copper losses is calculated by multiply-
ing the square of the RMS current with the winding’s
DC resistance [12]. In contrast, the AC copper losses is dom-
inated by the high frequency current harmonics which can
be derived by Fourier analysis results of inductor current as
shown in (2). In this paper, up to 11™ harmonics of switching
frequency are considered and the higher order harmonics are
not considered for the trivial contributions. The AC resistance
is formulated in (3) [21]. The equivalent N; layer in (3) is
derived by (4), and the maximum turn number Ny 7 in (4)
can be found in (5) [19].

Both skin effect and proximity effect contribute to AC
copper losses. For the inductor with Litz wire, the skin effect
on AC copper losses is reduced.

o0
I
PCUPPW = II%,rmstc + Z (ﬂ)zRac,np (1)
n=1 p
. Airsin(n D) .
iL(t) = Lo + Z —nznzD(l D sin(nwt) )
n=1
1
4\1 Tnfey x 103 1 2(N? —1)
Raen = (=) p 2 Mow X 10741y 200 2D
b4 ds 3
3)
,forN < Nmux,l
"N N
1+ ——maxd for N, N
N = + Nmax,2 Or Npax,1 < )
< (Nmax,l +Nmax,2)
Noaxny = (dic; - QN; — 1)), for Ni=1,2... (5)
-€,
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TABLE 1. Survey results for inductor design papers.

Comparison Items [12] [16] [17] [18] [19] Proposed
input/output 5 Vde 300 Vdc 75 Vde 220 Vac 187 Vac Universal
voltage 5.45 Vyp 630V, 150 Vdc 390 Vdc UNK Vdc 400 Vdc
output power 10 W 16.5 kW 600 W 3.2 kW 3kW 1.5 kW
switching 250 kHz 100-350 kHz 40 kHz 50-70 kHz Not available 65 kHz
frequency
volume Y Y N Y Y Y
power device N N N v N v
losses
copper & core v v v v v v
losses
DC bias N Y Y Y Y Y
eurrent non- N N Y N N Y
linearity
stack core N N Y N N Y
Four-phase Boost DC/DC Boost Semi-Bridgeless Three-Level
topology Inverter converter Converter PFC Bridgeless PFC Totem Pole PFC
peak efficiency 93% 97.2% 97.3% 98.2% Not available 99%
optimized index Volume inductor losses smooth efficiency inductor losses inductor losses Optimal converter
curve losses
design approach AP method Numbers of turns dlfferent' core inductance inductance Numbers O.f cores
material & turns (winding)

where, n: order of harmonics, p: strand number of winding,
Aip: current ripple (A), D: duty cycle, I7: winding length
(cm), p: conductivity of copper (£2-cm), p: permeability of
copper (H/cm), fi,,: switching frequency (kHz), d: diame-
ter of single wire (cm), s: distance between windings (cm),
Npax ni: maximum turn can be wounded in each layer, N;:
number of a certain layer of the winding, 1.D: inner diameter
of core (cm), dia .4 : equivalent diameter of winding (cm)

B. CORE LOSSES

Powder core has a characteristic that their permeability varies
non-linearly under different DC bias conditions [22]. This
variation in permeability can result in significant change in
inductance and inductor ripple current. Particularly under
high DC bias condition, this non-linear behavior can lead
to larger ripple current during heavy load operation and
complicate the estimation of core losses. Many methods
have been proposed in previous literature to estimate core
losses [23], [24], [25], but most of them focus on a specific
operating point by ignoring the non-linear behavior. The
Steinmetz Equation (SE) with parameters from the powder
core datasheet has been widely adopted to consider the non-
linear behavior.

The core losses include by eddy current loss and hysteresis
loss. Since the radius of powder particles is smaller than the
skin depth in general, the eddy current loss can be neglected
as addressed in [26]. As shown in [27], the hysteresis loss
based upon Steinmetz Equation (SE) for the square wave
excitation signal is shown by (6). The core losses are therefore
calculated by (6) and denoted by Pcore, square-

By, Ton
QTonY Tsw

B}y)k Torr

V.SN
QTorrYTew | €

Pcore,square ~ Cm

(6)
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where, C,,, x, y are Steinmetz parameters from the datasheet
of core, Ty,,: switching period (s), Toy: magnetizing time (s),
Torr: demagnetizing time (s), V,: volume of core (cm?), SN:
stack core number.

In (6), Byx = Half variation of flux density (Tesla) =
0.5 AB which denotes the variations of flux density (Tesla).
Figure 3 shows the B-H curve in the first quadrant to
explain the relationship among By ,AB and inductor current.
As shown in Fig. 3, smaller inductance gives larger current
ripple which results in the bigger B,; and AB. The core
losses will be increased as shown in (6). In contrast, the larger
inductance which requires more turns (N), will reduce the
current ripple and thereby providing smaller B, and AB. The
core losses shown in (6) is reduced, however, it is important
to note that more turns comes with larger copper losses.

quadrant I
hysteresis loss

B
A

working
current

quadrant o
11T average current
S inductor
ripple
current

FIGURE 3. B-H cutve, the relationship among By, AB and inductor
current.
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Therefore, the optimal solution to the minimization of both
core and copper losses will be investigated in this paper.

i]_‘

U¥)
Lo 1‘1

- N Boost QB.I.
inductor i,
> ¢

is A

(a) (b)

FIGURE 4. Totem-pole PFC (a) inductor current i; and power device
current ig (b) equivalent circuit of TTP PFC at positive cycle.

C. IMPACT OF INDUCTOR ON SWITCHING LOSSES
Figure 4 shows the currents of PFC for inductor with different
inductance. As shown in Fig. 4, the current ripple increases
for the inductor with smaller inductance, Ai;» > Air; for
L, < Li. Under the same load condition, at the turn-on
instant, the current for larger inductance case is with larger
turn-on current.

The switching losses are calculated by the following
equation:

Pswitching = (Eon + EOFF)fvw @)

where, Egy and Eppp: turn-on and turn-off energy (J)

As shown in [28], the turn-on loss of power device is
much greater than turn-off loss for GaN. Larger current at
the turn-on instant results in bigger turn-on loss. More details
about this relation will be shown by (22) in Section III.
Therefore, reducing the inductance will decrease the turn-on
loss and thereby reducing switching losses.

D. CALCULATION OF COPPER, CORE AND SWITCHING
LOSSES

For PFC applications, the input current shape tracks its input
voltage waveform to give high power factor. Therefore, the
working points vary time by time, bringing the difficulty for
loss calculation. In [27] and [29], only six points in the first
quarter fundamental period are selected for loss calculation.
Based upon this “six-step’ loss calculation method, the input
voltages of these six points are used for the loss calculation
to give average losses as shown in (8).

k=6
Plass(k)
k=1

Ploss,avg = T in% W) (®)

As shown in [27], the comparison results of *“Six-step”
loss calculation is shown, and the maximum error of different
methods is 5.9%.

In short, for the inductor of GaN-based PFC with CCM
control, DC copper losses, AC copper losses and hysteresis
loss are considered. The impact of inductor on power devices,
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only the switching losses are focused, especially the turn-on
loss for GaN power devices. Moreover, the sampled points of
six-step method are used for the calculation of these core and
switching losses.

Av.®

Vs

-

t

qu‘arter line C}TCIG

FIGURE 5. Sampled points of input voltage based-upon “Six-step”
method [27], [29].

Ill. PROPOSED LOSS OPTIMIZATION DESIGN METHOD
A systematic design flow chart of the proposed novel effi-
ciency optimized inductor design is shown in Fig. 6. The input
parameters for the design include the winding and stack core
parameters as illustrated in Table 2 using APH27P60 core
as an example. The output of this design flow includes the
optimal number of stack and number of turns of winding by
minimization of total losses, including core and copper losses
of inductor, and the switching losses of power devices.
Table 3 shows the specifications and main power device
of the GaN-based PFC. The input voltage is universal, and
the power is 1.5 kW. The switching frequency is operated at
65 kHz based upon EMI consideration as addressed in [18].
Transphorm GaN MOSFETs are used for power devices. The
inductor design becomes one of the very essential factors
to achieve such high efficiency, i.e. 97.5% and 99% under

TABLE 2. Core and winding parameters - APH27P60.

Core APH27P60 V‘()g“)“e 4.15 cm’
Initial Window area )
permeability 60 (W) 1.36 em
Outer (with /without Strand
diameter coating) number 10
(0.D) 2.77/2.692 cm ®)
Inner (with /without Wire
. . . 0.04 cm
diameter coating) diameter (AWG26)
(I.D) 1.41/1.473 cm (d)
. . Cross- L
Height (WIE};;:T:];OM sectional 0.129 ><210
(HD area of wire cm
1.199/1.118 cm o) (AWG26)
Magnetic .
Winding
path(}e)ngth 6.35cm factor (K) 0.3-0.4
Cross-
sectional 2 Max. turns
arca of 0.654 cm (o) 35-49
core(4.)
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TABLE 3. TTP PFC specifications.

Items Specification
Power Rating 1.5 kW
Input Voltage Universal, 90V-264 V
Output Voltage 400 Vdc
Efficiency @ 115V 97.5% @ peak efficiency
Efficiency @ 264 V 99% @ peak efficiency
Switching Frequency 65 kHz
Main Power Device TP65HO35WS
Step 6.
Calculate

Input core parameters

& Define stack number
. c. Switching losses by(7)
Step 1. VKk=1-6

Calculate N, by (9), *
subject to window area

d. Average losses: a, b, ¢
by (8)
Step 2.
Step 7. *
Determine DC working N+1
point from Table VI
Step 3. *

Calculate non-linear
Aiy for working points

tep 4. +

a. AC copper losses by(1)
b. Core losses by(6)

e. Calculate dc copper
loss by (1) & (28)

wn

Calculate N,,;, for
guaranteeing CCM
operation

Plot the Losses(N)
figure: d+e

!

Find optimal turn N &
stack core number

Get Hyoc/mins Bmaxmin
by (19) & (20) with no
flux density saturation

:
©

FIGURE 6. Flow chart of the proposed efficiency optimized inductor
design.

115V and 264 V, respectively. Therefore, a novel efficiency
optimized inductor design, which is aimed to optimize the
converter losses, is presented.

Step 1. Calculate the maximum turn number, N

In this paper, the core size with an outer diameter of 2.7 cm
(OD270) is selected for meeting the height specification of
1U rack server power [30]. Once the core for the inductor is
determined, the maximum turn number, N,,,,, can be calcu-
lated using (9) which takes into account factors of the winding

104456

factor (K,), the window area (Wy), the number of strands in
parallel (p), and the cross-sectional area of the wire (W,).

K,Wy
pWe

Step2. Determine six DC working points

For the powder core, the DC working points of voltage and
current in quarter period can be calculated by (10) and (11) to
consider the variation of inductance. Under CCM condition,
the six DC working points of both voltage and current in
quarter period can be calculated as summarized in Table 4.
The turn-on time can be calculated by the voltage boost ratio
formula as shown in (12) and the results are presented in
Table 4.

Nmax = (9)

. — . Tl'} k
i) {5 = Lk sin(onne = ) (10)
_ . Tiine k
Vack(t) ‘z;? = Vacpk Sll’l(a)lmg%eg) (11)
Vv, —1V,
Toy = Yo~ Wael (12)
v,

TABLE 4. Working point conditions in different interval.

Interval Working voltage under Working Turn-on
number magnetization (Voe) current (i) time (Ton)
k=1 42V 5A 13.8 ps
k=2 81V 9.67 A 12.3 ps
k=3 115V 13.69 A 11 ps
k=4 140V 16.77 A 10 ps
k=5 157V 18.72 A 9.4 ps
k=6 162.63 V 194 A 9.2 ps

Step 3. Calculate current ripples for each working points
as DC bias is considered

Since the inductance values are affected by the current, the
current ripple is thus changed as the working points of current
vary. To give more practical loss consideration, DC bias is
considered. This feature is also reflected by the permeability
curve as shown in Fig. 7, which is measured with single core
and N = 49. For a specific working point of current, the
permeability formula can be derived by curve-fitting using
a six-order polynomial as shown in (13).

nr = a6H6 +a5H5 + a4H4
+a3H? + axH? + a1H + ag (13)

where ag = -2.3e-15, as = 7.7e-11, ag = -7.2e-8, a3 =
2.46e-5, ap = -3.12e-3, a; = -0.123, ag = 60.84

In general, constant inductance, which gives linear current
as shown in Fig. 8 (a), is used for core losses calculation [13].
In reality, non-linear current ripple occurs which is con-
tributed by the DC-bias of inductor core. Figure 8 (b) shows
the non-linear inductor current ripple. A piecewise linear
segment approach [22] is used to analyze non-linear inductor
current. The number of piecewise linear segment depends
upon the turn-on period and the “A¢”’ as shown in Fig. 8 (b).
For example, for the turn-on period is 13.8 us in interval 1,

VOLUME 11, 2023



Y.-Y. Huang, Y.-S. Lai: Optimal Inductor Design Method for GaN-Based PFC

IEEE Access

70
A ur (measurement)
60 |
A ——ur (curve fitting with six
50 . S order polynominal)
40 !
N
Br 3g A\
3 A
y
20 < ‘\\A
10 T,
===
0
0 100 200 300 400
H(Oe)

FIGURE 7. Permeability curve test with microtest impedance analyzer
6632 + DC bias system 6243.

and the “Ar” = 0.1 us, the number of piecewise linear
segment which is used for maximum number of iteration for
inductor current is 138.

1A L;ﬁ?
Pd

Area i Area, i Area,...
{

g point)
I,

Ton Ton
(a) (b)

FIGURE 8. (a) Linear (b) Non-linear current ripple for a specific
DC working point.

For a given stack number and the core material, the perme-
ability is calculated by (13), the related inductance value can
be derived by (14), and the linear current ripple calculation
formula is showed by (15).

As the non-linearity of inductor current is considered, the
current in each piecewise line segment is calculated by (16),
and the non-linear current ripple is derived by (17). Notice
that the DC-bias effect is reflected in the calculation of induc-
tance, L,. The average current in each Toy can be calculated
by (18).

(H;,)A.N?
.= MSN (14)
e
= Tline Ve (T,
Air tnear ()| /2 2 = YeelDToN (15)
- L,
Vae(t
It = I + ac )At (16)
Lg
. l:T]gw
Air non—linear (1) =0 = Imax — Do (17
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(Ip+I)At | (h+h)At (Imax —1Hmax) At
> + T e + =

TOI’[
Uotlmwons | S
e - Zl I, At
=
T (18)
where g =0, 1...max = (Ton/At)-1

Step 4. Determine the minimum turn number N i, to retain
CCM operation

The minimum turn number N,,;; needs to be determined to
retain CCM operation in order to reduce the core losses with
various stack number.

After calculating the maximum and minimum inductor
currents using (17), the inductor current ripple, Air, is deter-
mined. According to Table 4, the Ai; should be less than
200% of the working current. If the calculated Ai; exceeds
this limit, it means CCM operation cannot be retained. The
turn number of inductor should be increased until Aij is
within the desired range for CCM operation. This adjusted
turn number is defined as N,;;,.

For example, for interval number, k = 6, the working
current is 19.4 A, the Ai;, should be less than 38.8 A,
accordingly. As the stack number of core = 1 and turn number
of inductor winding is 34, the current ripple is 38.82 A,
which is greater than twice of the working current, 38.8 A.
Further increase of the turn number to give to minimum turn
number of 35 turns will reduce the current ripple to meet the
constraint. Similarly, the minimum turn number decreases as
stack core number is increased.

Step 5. Calculate H 14 jmin and Find Byay jmin

The magnetic field intensity is calculated by (19) as the
current is given by (17). The flux density can be derived by
the B-H curve of the core as shown in (20) for APH(60u)
core which is developed based upon the B-H curve and curve-
fitting results [31]. Therefore, the AB and By, are calculated
by (21) which is used for the core losses calculation. In prac-
tice, flux saturation should be avoided and 20% of margin is
retained. Once the flux density is too large, the turn number is
increased to raise the inductance value and thereby reducing
the current ripple and the related AB.

0.4 NI, i
Hmax/min = %/mm (Oe) (19)
e
5 4 3
Bmax/min = bSHmax/min + b4Hmax/min + b3HmaX/min
+ szxiax/min + bleax/min + bO (20)
AB = Brax — Bmin, Bpk = 0.5AB 1)

where bs = 2.2e-10, by =-5.67e-7, b3 = 5.72e-4, b, =-0.29,
b1 = 81.85, by = -300.57

Step 6. Calculate core losses, switching losses, AC copper
losses and derive the average value

A. CALCULATE CORE LOSSES OF INDUCTOR

Based upon (6), the Steinmetz parameters, C,,, = 326.47, x =
1.29, y = 2.21 for the selected core as shown in [32], and the
By which is calculated in Step 5.
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B. DERIVE SWITCHING LOSSES OF GAN

Since the switching losses, E,, and E,#, depend upon the of
power devices and current, for the GaN used in this paper,
the switching losses under different turn on/off current are
calculated by (7). E,, and Eyy for the used GaN are shown
in [33] which are two curves, respectively. Based upon these
two curves [33], the curve-fitting results for Transphorm GaN
are shown in (22) and (23), respectively. The switching losses
are therefore calculated by (7) as lyin = is.on and Ipgx =
is oFF are given.

Eon ~ —0.0033i3 o + 0.1188i5 oy
+ 2.2465is on + 46.147 (22)

Eorr ~ 0.0002i§ o — 0.012933 opp
+0.2674i5 o — 1.8183is 0pF +24.766  (23)

where, is on / is oFF: switch turn-on/off current

C. CALCULATE AC COPPER LOSSES

Due to the proximity effect, R, increases as the number of
winding layer increases. As shown in Fig. 9, the maximum
number of turns of the N; winding layer is derived by (4).
Since Litz wires are used for winding, the equivalent diameter
of winding, dia ., is shown in (24). For the APH27P60 core,
the maximum number of turns of the first and second layer
are Nyax,1 =32, Npax,2 =26 by (25) and (26), the N; can be
calculated by(4). For the specified working points, the current
ripple which brings high frequency current harmonics and AC
losses depends upon the input voltage, duty cycle, switching
frequency and inductance values. The high frequency current
harmonics and AC resistance can be calculated by (2) and (3),
respectively. The AC copper losses is therefore calculated by
the second term of (1).

4 0.5

did.gy = (;Wap) 4)
1.D

Npax1 =7 (d — (2N; — 1)) =32, forN;=1  (25)
ia
1. D

Nmax,Z =T ( — (2N; — 1)) =26, forN;=2 (26)

dia.ef

D. DETERMINE AVERAGE CORE LOSSES, SWITCHING
LOSSES AND AC COPPER LOSSES
The average value of inductor core losses, AC copper losses
and switching losses of GaN per quarter cycle is thus deter-
mined by (8) based upon the “Six-step’” method [27], [29] as
summarized in Section II.

Step 7. Calculate DC copper losses

As mentioned in [19], the AC copper losses is smaller as
compared to the DC copper losses. Moreover, the winding
length of windings, which dominate the copper resistance, are
calculated by (27), respectively. The symbols, including O.D,
I.D, and H.T with coating for the dimension are defined in
Fig. 9. The equivalent DC resistance of windings is derived

104458

effective
diameter (dia. ;)

first layer
Ni=1)
strand (p)

- second layer
\ ;,=2)

core

FIGURE 9. The core size definition and the copper wire distribution in
core window.

as shown in (28) and therefore, the DC copper losses can be
calculated by the first term of (1).

O0.D—1.D
Ir =2( 5 + H.T)N 27
plr
Ry = 28
dc Wap ( )

Step 8. Check the turn number subject to Nypqx

As the turn number of inductor winding is less than the
Nmax, the turn number is increased and then go to Step 2
for further calculation. Otherwise, the number of stack core
is increased and reinitiate the proposed flow chart for the
optimized inductor design.

Step 9. Determine optimal number of turn & stack core

The total losses calculated in Step 6 and Step 7 vs. turn
number for a given stack core number can thus be derived as
illustrated in Fig. 10 using stack number = 1, 2, 3 and 4 as an
example. Obviously, the increase of stack core number may
not provide the optimal solution regarding to the minimiza-
tion of losses. As shown in Fig. 10, the minimum total losses
occurs at stack core number = 3 and the turn number = 30-37.
Figure 11 shows the total losses, including core losses, copper
losses and switching losses for single core N = 49, stack 2

stack core, total loss
55 T T T T T T T

X
50 -
*
X

45
— *  x
E 40 X
: o k3
= stac X
g3t ¥ X ++
. *_*_ xx +++smgle

30 - X +p

stack 2 +
ale* xxx ek I
L **&,,’ xx)(y. N
25 stack 4 -.ri“!*;#xx)(
2010 1‘5 2|o 2‘5 3|o 3‘5 4|o 45 50
N (turns)

FIGURE 10. Total losses vs. turn number for a given number of core,
APH27P60 cores.
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(N=49) (N=39) (N=32)

B switching loss M core loss B DC copper loss

(N=30)
AC copper loss Mtotal loss

FIGURE 11. Losses breakdown, based upon analyzed current ripples,
from interval 1-6.

(stack number = 2) and N = 39, stack 3 (stack number = 3)
and N = 32, stack 4 (stack number = 4) and N = 30. The
optimal case is for stack number = 3. The total losses are
calculated based upon the average core and switching losses
from interval 1-6 with analyzed current ripples as introduced
in previous section. By Fig. 11, the increase of stack core
number may not provide the optimal solution regarding to the
minimization of total losses.

Apart from efficiency (losses), one of the most essential
concerns is the volume of inductor and its core. As stack
number = 2 and 3, the effective core volume can be calculated
by O.D*H.T to give 162 and 243 (cm?). Thetotal losses
are 23.75 W and 22.99 W, for stack number = 2 and 3,
respectively. The difference in between is 0.76 Was shown
in Fig. 11, which is trivial.

The proposed inductor design method can be applied to any
other brand of core. The required change is the data based
upon the core datasheet to fully reflect the special feature of
the core. The details of the design flow and formula are the
same as those for the illustrated example, previously. Due to
the paper length limitation, only the results are shown. Fig. 12
illustrates the loss of CH330060 with different stack core
number and turn number. Single core with around 60 turns of
winding will give minimum total losses and thus the optimal
converter efficiency.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed optimization design method is carried out and
confirmed by simulation results using ANSYS® and test
results. As the off-shelf core, APH27P60 is used, the optimal
turn number of inductor is 49, 39, 32 for the stack core num-
ber = 1, 2 and 3, respectively. For other cores, the proposed
optimal design procedure can be used to derive similar results
with optimal efficiency.

The inductor model is created using ANSYS® PEmag.
The physical core and windings are included in model. These
inductor models are excited by the voltage source listed in
Table 4 as shown in Fig. 13. The flux density derived from
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FIGURE 12. Loss of CH330060 with different stack core number and turn
number.
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FIGURE 14. Flux density of core at interval 6, peak current condition with
ANSYS® simulation.

ANSYS®Transient Solver for the conditions of interval = 6
(the maximum current), Toy = 9.2 usisillustrated in Fig. 14.
In the case of a single core, the maximum flux density reaches
around 1 Tesla. However, for the cases with stacked core
number 2 and 3, the flux density is reduced, as illustrated in
Fig. 14. The ANSYS simulation losses are shown in Fig.15.
As the stack core number increases, there is a slight increase
in copper losses due to the longer winding length. However,
the core losses reduction is more relevant than the increase
of copper losses. Therefore, the inductor losses are reduced.
Similar results can also be shown for other intervals under
different current conditions. These simulation results fully
support the analysis results shown in Section III.

To verify the proposed optimal inductor design method, the
test bench are set up as shown in Fig. 16. A MCU is used as
the controller of the implemented TTP PFC. The measured
temperature of inductors is shown in Fig. 17. The temperature
of inductor with single core is much higher than that with
two stack cores as shown in Fig. 17. High temperature is
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(c) Stack 3 core with inductor loss = 24.19 W @ full load, interval = 6

FIGURE 15. Losses of inductor at interval 6 with ANSYS® simulation.

FIGURE 16. Three inductor candidate and TTP PFC test bench.

mainly contributed by larger current ripple and the related
core losses.

To verify the calculated currents which are used to ana-
lyze and demonstrate the core losses in Fig. 11 (from
interval 1-6), the calculated, simulation and experimental
currents are illustrated using interval 6 as an example and
listed in Table 5. The difference among the calculated, sim-
ulation and experimental is trivial. Fig. 18 shows the losses
breakdown and total losses based upon experimental current
ripples from interval 1-6. The case of stack core number = 3

104460

FIGURE 17. Temperature of single, stack 2 and stack 3 candidate after
reaching the thermal steady state @ 115 V, full load.

TABLE 5. Inductor current ripple, calculated, ANSYS® simulation and
experimental results in interval k = 6.

Single Stack 2 Stack 3

(N=49) (N=39) (N=32)

Calculation 26.13 A 15.6 A 11.82A
Simulation 2625 A 1534 A 11.77A
Experimental 283 A 15.79 A 11.89 A

40

single stack2 stack3
(N=49) (N=39) (N=32)

m switching loss ®core loss ®DC copper loss " AC copper loss Mtotal loss
FIGURE 18. Losses breakdown, based upon experimental current ripples,

from interval 1-6.
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FIGURE 19. Efficiency results, 115 V, measured.

gives the optimized solution which further confirms the pro-
posed efficiency optimized inductor design method.

Figure 19 and Fig. 20 show the measured efficiency for the
TTP PFC with stack core number = 1, 2 and 3, under 115 V
and 264 V, respectively. The efficiency of single core case
deteriorates as compared to that of stack core number =
2 and 3. And the efficiency for the case with stack core

VOLUME 11, 2023



Y.-Y. Huang, Y.-S. Lai: Optimal Inductor Design Method for GaN-Based PFC

IEEE Access

0.995

0.99 .i_./_,_ﬁ———o—o——o
0.985 /————"’_/—_—
0.98

0.975

Efficiency

0.97
0.965
0.96
400 600 800 1000 1200 1400 1600
Pout (W)

=264 V, single core =264 V, stack 2 ——264 V, stack 3

FIGURE 20. Efficiency results, 264 V, measured.
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FIGURE 21. Load transient waveforms from 50% to 100% in stack 2 core
condition, CH1: input voltage (200V/div), CH2: input current (20 A/div),
CH3: output voltage (200V/div), CH4: output current (5A/div).

TABLE 6. Current harmonics with stack 2 core, IEC61000-3-2 Class A
requirement vs. measurement.

Limits | Measurement Limits | Measurement
MO (A) NO | A (A)
2 1.08 0.0168 3 2.3 0.23
4 0.43 0.0105 5 1.14 0.157
6 0.3 0.0097 7 0.77 0.134
8 0.13 0.0034 9 0.4 0.112
10 0.18 0.037 11 0.33 0.091
12 0.15 0.0053 13 0.21 0.077
14 0.13 0.0031 15 0.15 0.069

number = 3 gives the highest efficiency. However, stack 2 is
a compromised solution between the performance and actual
implementation if size is considered. Of course, the cost
needs to pay is 4.5 W loss (0.29% efficiency lose at full load)
for using stack 2 instead of stack 3.

Figure 21 show the transient response from 50% to 100%
load, and the settling time is near 450 ms. The measured input
harmonics are shown in Table 6. As shown in Table 6, the
harmonic meet the related requirement, IEC 61000-3-2, Class
A in 115Vac, full load condition.

V. CONCLUSION

An efficiency optimized design method of inductor con-
sidering core, copper and power device losses, for PFC is
proposed. Based upon the proposed method, the efficiency
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optimization solution to stack number and turn number of
inductor considering the total losses is derived.
The contributions of this paper:

1) Propose a systematic PFC inductor design method to
achieve efficiency optimization of converter

2) Consider the losses of both copper and core losses
of inductor, as well as the switching losses of power
device contributed by inductor

3) Confirm the proposed efficiency optimization method
by ANSYS® simulation and experimental results.

The designed optimized inductor is applied to a GaN-based
1.5 kW Totem-pole PFC for server power and the experimen-
tal results show the peak efficiency can go up to 97.5% and
99%, under 115V and 264V of input voltage, respectively.
The results fully support the effectiveness of the proposed
optimization design method.
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