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Abstract: The on-chip integration of a power inductor together with other power converter compo-
nents of small sizes and high-saturation currents, while maintaining a desired or high inductance
value, is here pursued. The use of soft magnetic cores increases inductance density but results in a
reduced saturation current. This article presents a 3D physical model and a magnetic circuit model for
an integrated on-chip power inductor (OPI) to double the saturation current using permanent magnet
(PM) material. A ~50 nH, 7.5 A spiral permanent magnet on-chip power inductor (PMOI) is here
designed, and a 3D physical model is then developed and simulated using the ANSYS® /Maxwell®
software package (version 2017.1). The 3D physical model simulation results agree with the pre-
sented magnetic circuit model, and show that in the example PMOI design, the addition of the PM
increases the saturation current of the OPI from 4 A to 7.5 A, while the size and inductance value

remain unchanged.

Keywords: planar inductor; power inductor; saturation current; permanent magnet; modeling; 3D
modeling; physical model; simulation; on chip; integrated power inductor; finite element method

1. Introduction

Power converters are indispensable in electrical platforms and systems such as electric
vehicles [1], portable electronic devices [2], and computing systems [3]. The recent and
future trend is to maximize the integration level of switching power converters to yield
several advantages such as smaller size, lighter weight, and the integration of these con-
verters with their loads on the same chip for reduced distribution delays (faster dynamic
response) and reduced distribution losses. To achieve high-density power conversion, one
of the most difficult challenges relates to the ability to integrate a magnetic component
such as a power inductor, which is by far the largest component in a power converter.
Power inductor integration is critical to achieving System on Chip (SoC) [4] and System in
Package (SiP) [5]. Integrated magnetics is a low-level integration, which combines several
magnetic components, such as inductors and transformers, of a converter into a single
magnetic structure [6]. The on-chip integration of a power inductor, aiming to achieve
high saturation current in a small size (footprint) and a sufficient inductance value, is an
essential building block for high-density power conversion.

Inductance and saturation current values are functions of several design parameters
such as ferrite core permeability, the number of turns of copper winding, and the ferrite
core’s thickness and footprint. A tradeoff between different design parameters needs to be
considered when designing power inductors. On-chip integrated power inductors with
magnetic cores yield higher inductance values but at the expense of a limited saturation
current (usually less than 1 A) [7]. Many common ferrite magnetic core materials have
limited saturation flux densities, say 0.3-0.5 T, which limits the amount of flux the winding
of the inductor can generate before the core is saturated, which in turn limits the power
inductor saturation current.
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In order to achieve a high saturation current and at the same time maintain a high
inductance value for power inductors, the magnetic core size needs to be increased, or
magnetic core materials with high saturation magnetization have to be employed. However,
increasing the core size will significantly increase the size of the power inductor and makes
it harder to integrate. Meanwhile, magnetic materials with high magnetization, such as
permalloy [8], usually have relatively low resistivity, leading to high eddy current loss
in the inductor core. Permanent magnet (PM) materials have been used to increase the
saturation current for power inductors with different core structures. In [9], a PM was
utilized in a toroid power inductor to increase its saturation current while keeping the
inductor size and inductance value unchanged. Different distribution schemes for utilizing
PM in a toroid power inductor were evaluated and studied using a 3D physical model
in [10]. The utilization of PM material for increasing saturation current was also evaluated
in an EE-core power inductor [11].

Planar power inductors have been presented and studied in the literature. Related
studies have mainly focused on modeling and fabrication. In relation to modeling, in [12],
the effect of utilizing magnetic substrates with planar inductors was modeled, and an
expression of the enhancement in the inductance due to magnetic substrates was obtained.
In [13], the effect of sandwiching a spiral planar inductor between two magnetic substrates
was analyzed using the method of current images, and expressions were obtained for mag-
netic fields and inductance. Inductance expressions for different planar inductor geometries
(square, hexagonal, octagonal, and circular) have been presented in [14]. In [15], the au-
thors presented different planar inductor geometries with their models and performance
evaluation for sensing applications. A physics-based model for a spiral planar inductor was
presented in [16], taking the capacitance between adjacent turns, self-inductance, and sub-
strate capacitance into consideration. In [17], the authors presented an analytical calculation
method to estimate the self-inductance of planar coils without geometry limitations. A 3D
physical model was utilized to optimize the number of copper winding turns for a planar
power inductor in [18]. The authors in [19] presented an analysis and optimization tool
for spiral planar inductors operated at high frequency, with the capability of determining
the inductance and electrical parameters for different planar inductor geometries (e.g.,
octagonal and hexagonal). An electrical circuit model for a graphene-based on-chip power
inductor was introduced in [20]. In relation to fabrication, a planar inductor with NiZn
ferrite layers was fabricated using a screen printing method in [21], while, in [22], a planar
inductor with a MnZn ferrite layer was presented. A planar inductor with an FeSiCr-based
core was introduced in [23]. Planar power inductors can also be embedded into a silicon
substrate as in [24], or within printed circuit boards (PCB) as presented in [25,26].

This paper presents a 3D physical model and a magnetic circuit model for an on-chip
planar power inductor design that utilizes a permanent magnet to double the saturation
current. The presented power inductor is named the permanent magnet on-chip power
inductor (PMOI). The power inductor without PM is referred to as OPI in this paper.

The remainder of this paper is organized as follows. Section 2 describes the PMOI
structure and its operation principle. In Section 3, magnetic circuit modeling for the OPI
and PMOI is presented. In Section 4, a 3D physical model for PMOI for an exemplary
design is built using ANSYS®/Maxwell® software package, and simulation results are then
presented and discussed for the 3D physical model. The conclusion is given in Section 5.

2. PMOI Structure and Operation Principle

The winding of the power inductor produces flux, which results in flux density (Byinq)
that is directly proportional to the DC current passing through it. The magnetic core of the
power inductor saturates at a maximum flux density (Bsat). For example, this Bg,t value can
be 0.46 T for a ferrite core.
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This Bgat value limits the maximum current of the power inductor before saturation
(Isat). The relationship between Is,; and Bsa: can be described as in (1).

NBgatA
L

Isat = (1)
where N is the number of winding turns, A is the cross-section area of the winding, and L
is the inductance. However, if a material that generates an opposing flux (Bopp) to the flux
generated by the winding Bying is utilized in the power inductor structure, the saturation
current could be increased. In this paper, the material that generates Bopy, is a PM material.
Figure 1 shows an example spiral power inductor for on-chip integration with and without
a PM layer. In Figure 1a, the power inductor on a silicon (5i) substrate (other substrate
types could also be used) consists of a spiral winding between two ferrite core layers (e.g.,
NiZnCu ferrite [21]). There is a gap (acting as an air gap) between the winding and each
ferrite layer. The gaps are filled with insulating material such as SiO;. In Figure 1b, an
additional PM layer is placed in part of the gap between the bottom ferrite layer and the
winding (the total thickness of the power inductor is kept the same in both cases). The Bopp
generated by the PM opposes the By,ing of the winding (they partially or completely cancel
each other out).

(a)
Figure 1. On-chip power inductor: (a) OPI, (b) PMOL

Assuming that the power inductor (OPI) of Figure 1a has a saturation current of Isa¢.opr.
The saturation current of the inductor (PMOI) in Figure 1b can potentially be double that
for Figure 1a (Isat.pmo1 = 2 X Isar-op1) by using the following scheme: The type and layer
thickness of the PM are developed such that Bopp = —Bsat. This way, the core will start
with flux that is equal to the saturation flux density at zero current, and this flux will
first decrease to zero when the current is equal to Ig,t-opr and then it will increase to the
saturation flux density when the current is equal to 2 X Is,.opr. To illustrate this concept,
Figure 2 shows the relation between the applied DC current Ipc and the magnetic flux
density B for both the OPI and PMOIL. For the OP], at Ipc = 0, the magnetic flux density
Bopr = 0. Meanwhile, at Ipc = 0, the magnetic flux density for the PMOI Bppor = —Bsat
due to the flux generated by the PM. As the applied current Ipc increases, the magnetic
flux density for the OPI increases until it reaches Bopy = Bsat when Ipc= Igat-op1, as shown
in Figure 2a. At this point, the OPI starts to saturate, and the inductance value starts to
decrease. For the PMO], as the applied current Ipc increases, the magnetic flux density
Bpmor decreases until it becomes equal to zero when Ipc = Isat.0p1, as shown in Figure 2b.
At this point, the flux generated by the winding is equal in magnitude and opposite in
direction to the flux generated by the PM (net magnetic flux density is equal to zero). When
Ipc =2 X Igat-opr, the net magnetic flux density Bpyjor = Bsat and the core of the PMOI start
to saturate.
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Figure 2. Relationship between applied DC current Ipc and magnetic flux density B for (a) OPI and
(b) PMOIL.

3. Magnetic Circuit Modeling of OPI and PMOI

Figure 3 illustrates the magnetic flux lines for both OPI and PMOL In Figure 3a, the
magnetic flux due to the winding current is illustrated. As explained earlier, when utilizing
a PM in one of the air gaps (the bottom air gap in this paper), another flux can be generated
to oppose the winding flux, as shown in Figure 3b. As shown, the flux of the PM opposes
the flux due to the current; therefore, the net flux in the ferrite core is reduced. As a result,
the saturation current is increased.
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Figure 3. Magnetic flux lines. (a) Top view of copper winding; (b) front view for OPI; (c) front view
for PMOL

Magnetic circuit models for OPI and PMOI are shown in Figure 4, where Fpy is the
magnetomotive force of the PM, i is the current flowing in the windings, ®y; is the winding
flux, and ®py; is the PM flux. The reluctance R for each layer in the inductor structure is
as follows: top ferrite core reluctance Rtc, bottom ferrite core reluctance Rpc, top air gap
reluctance Rg; for the OPI, bottom air gap reluctance Ry for the OP]I, top air gap reluctance
Rgm1 for the PMOI, bottom air gap reluctance Rgp for the PMOI, and the permanent
magnet reluctance Rpy;. The leakage inductance and fringing effect are not taken into
consideration. Using the magnetic circuit models shown in Figure 4, (2) and (3) can be
obtained for OPI and PMOI, respectively, by applying Kirchhoff’s voltage law (KVL). Since
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the bottom ferrite core and top ferrite core are identical, their reluctances can be combined
into Rc, where Rc = 2Rpc = 2Rpc.

Niopr = ®ni—opi(Rc + Rg1 + Ry2) ()
Nipmor — Fom = (Pni—pmor — Ppum) (Re + Rgm1 + Rgm2 + Rpwm) (3)
Niopi Frm Nippon

Figure 4. Equivalent magnetic circuit model for (a) OPI and (b) PMOL

The reluctance of the power inductor is expressed in (4), where I, is the magnetic
path length, y, is the vacuum permeability, y; is the relative permeability, and A, is the
cross-section area of the ferrite core.

I
R= —— 4)
Vo"ur'AC
Since the PM’s relative permeability is almost equal to 1 [27], the PM effectively acts
as an air gap. Therefore, both the OPI and PMOI have almost an equal value for the total
air gap reluctance, i.e.,
Rgm1 + Rgm2 + Rpm = Rg1 + Ry ®)

Based on (5), (2) and (3) can be rewritten as
Niopr = Pni—opi (Re + Rg1 + Rg2) (6)

Nipmor — Fom = (®ni—pmor — Pem) (Re + Rg1 + Rg2) )

The ferrite core total flux is @ = B.A.. To express the saturation current s, for both the
OPI and the PMO], (6) and (7) can be rewritten by replacing I by Isat and @ by Bgsat.Ac. This
yields (8) and (9).

Bsat-Ac (RC + Rg1 + Rgz)
Lsat—opP1 = N (8)

Bsat-Ac (RC + Rgl =+ RgZ) + Fpm
Isat—pPmor1 = N )

It can be noted from (8) and (9) that the saturation current of the PMOI (Ig5¢ pmor) is
higher than the saturation current of the OPI (Is5¢ opr) because of the PM’s magnetomotive
force Fpyp. This can be described as in (10), where I is the current at which the PM fully
cancels the flux due to the current in the winding and is equal to Fpy;/N. The higher the
magnetomotive force of the PM, the larger the saturation current. However, in order to
avoid saturating the ferrite core by the PM itself when the DC current is equal to 0 A, the
magnetomotive force Fpy of the PM must satisfy the condition shown in (11).

Lsat—pmo1 = Lsat—op1 + Ic (10)

0< Fpm < N.Isat—0p1 (11)
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Based on (10) and (11), as long as the ferrite core is not saturated by the PM, the
saturation current of the PMOI can be twice the saturation current of the OPI, while both
OPI and PMOI have the same inductance value.

Equation (9) can be rewritten as in (12). By solving for Fpy, (13) can be obtained, where
H is the magnetic field strength and th,,, is the PM thickness. By solving for I, (14) can be
obtained. For example, if a PM is selected with H = 1592 kA /m to increase the saturation
current from 4 A to 8 A, the thickness of the PM should be ~7.5 um (which is the value
used in the design presented in the next section).

Bsat-Ac(Rc + Re1 + Ron F
IsatfPMOI == C( N g & ) =+ % = lsat—oPI + % (12)
Fom= (Isat—pmor — Lsat—op1) X N = Hx Iy = H X thpy (13)
p Tai— — Tgat— X N
lm: ?M _ ( sat—PMOI Hsat OPI) ~ thpm (14)

4. ANSYS®/Maxwell® 3D Modeling and Simulation of PMOI

Figure 5 shows a diagram of the example PMOI with more details compared to
Figure 1b. A rectangular spiral winding structure as shown in Figure 5b is employed in
the example PMOI architecture. The PM layer is vertically magnetized as illustrated in
Figure 5¢, such that the north pole is on the top and the south pole on the bottom, or
vice versa.

Figure 5. A diagram of an example PMOI with more details compared to Figure 1b: (a) PMOI
diagram, (b) rectangular spiral winding and (c) PM layer.

Finite element analysis (FEA) is performed to find numerical solutions for physics-
based models in order gain insights into design and to predict performance [28-32]. Simu-
lation results for the 3D physical model are utilized to validate the magnetic circuit model
presented in Section 3. In this paper, the 3D physical model’s simulation results are obtained
using the ANSYS®/Maxwell® model for an example on-chip power inductor design (as in
Figure 5), with two versions: the first version is without using PM (OPI) and the second
version is with PM (PMOI). Both power inductors’ switching frequency of operation can
be from 1 MHz to 10 MHz, but the results in this section are for 5 MHz. Table 1 shows
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a summary of the design specifications for the two versions. In the 3D physical model
of PMOI, the top and bottom core materials used are both NiZnCu ferrite (Bgat = 0.46 T,
relative permeability yir = 120, and resistivity p = 108 ) [21]), and the PM material used is
NdFeBN45SH (residual flux density By = 1.32 T, coercivity H. = 1003 kA /m and intrinsic
coercivity H = 1592 kA /m) [27]. The copper relative permeability and conductivity are
0.999991 and 5.8 x 107 Siemens/m, respectively. The copper coil is excited by a DC current
flowing through the winding, as indicated by the input current (I;,) and output current
(Iout) in Figure 6. The region surrounding the inductor is a vacuum with a permeability of
to = 1. Figure 6 shows an ANSYS®/Maxwell® 3D physical model of the designed PMOI
according to the design specifications in Table 1. Comparisons between the OPI and PMOI
based on simulation results for the 3D physical model are summarized in Table 2.

Table 1. Design example parameter values of OPI and PMOL

Name Dimension Material
Substrate 200 um thick Si
3 turns
52mm x 5.2 mm
Spiral winding 100 um thick Cu

Wire width: 0.7 mm
Winding gap: 50 pm

Bottom ferrite laver 5.2 mm x 5.2 mm NiZnCu ferrite [21]
Y 10 um thick Beat =046 T
Top ferrite laver 52mm x 52 mm Mr =120
P y 11 um thick P=108Q
. . SiO,
Top air gap between winding and top core layer 1 pum (o other insulator)
Wom X Lpm = NdFeBN45SH [27]
B;=132T
PM layer 5mm x 5 mm H. =979 kA /m
_ c=
thpm = 7.5 pm Hy = 1592 kA/m
Bottom air gap when no PM is used between 8 um SiO,
winding and bottom core layer K (or other insulator)
Bottom air gap when PM is used between 8 um Mix of PM and SiO,

winding and bottom core layer (or other insulator)

Substrate

0 fnm 2.5 mm 5 mm

Figure 6. ANSYS® /Maxwell® 3D model of the designed PMOI.
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Table 2. On-chip power inductor OPI and PMOI comparisons.

OPI PMOI
Inductor dimensions 52mm x 52 mm x 130 um 52mm x 52 mm x 130 um
(without substrate) ’ ’ K ’ ’ K
Inductance (nH) 50.9 49.1
(nH/m?) 14.5 14.0
Inductance density
(nH/m?) 1.88 1.82
Saturation current Iyt (A) 4 7.5
Current density of inductor (A/m?) 1.14 213
when input current is Isat (A/m?) 0.15 0.28

4.1. Simulation Results for OPI

The inductance of the OPI measured from ANSYS® /Maxwell® is 50.9 nH. Figure 7a
shows the B field of the OPI under different input DC current values. For convenience of
comparison, limited scaling is used in ANSYS® /Maxwell® when showing the calculated
B field of the ferrite layer for OPI and PMOI in Figure 7a,b. Meanwhile, both the top and
bottom ferrite layers are about to saturate at the same time, thus Figure 7a,b only show the
B field of the bottom ferrite layer of OPI and PMOIL. It can be observed from Figure 7a that
the ferrite core layer of the OPI is about to saturate when the DC input current is 4 A.

B[teslal Bltesial
§. BERPE-EE1
. §. gakte-001 . 7. 4286e-081
§.1378e-001 6. 8571e-001
5. 6708e-0a1 £.2857e-001
5. 2841e-B81 5. 7143e-B81
4. 7373e-BB1 5. 1429s-8@1
4, 2785e-201 4. 5714e-B01
3. 8@837e-001 4. BBEEE-BO1
3. 3363e-801 3. 4286e-B91
2. 8792e-201 2. 8571e-801
2. 4@34e-B01 2.2857e-801
1. 9368e-201 1. 7143e-801
1. 4895e-201 1. 1429e-E@1
1.9@38e-891 5. 7143e-p@2
5.3626e-802 9. BPEg:+209
£. 9453e-203

(a) (b)

Figure 7. Flux density B results at different DC currents for (a) OPI and (b) PMOL
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4.2. B Field of the PMOI

The inductance of the PMOI measured from ANSYS® /Maxwell® is 49.1 nH, which is
close to the inductance value of the OPI (50.9 nH). Figure 7b shows the B field of PMOI
ferrite core layers when the DC input current increases from zero to 8 A. When the input
current is zero, the value of B is less than the Bgat (0.46 T) of both top and bottom ferrite
core layers, which means the inductor is not saturated by PM itself. When the input DC
current increases from 0 to 8 A, the B value first decreases to approximately zero (when the
input current is 3 A), and then increases from zero to a certain value. It can be observed
from Figure 7b that the core of PMOI starts saturating around 7.5 A. The 3D physical
model’s simulation results for inductance values and saturation current values for both
OPI and PMOI agree with the magnetic circuit model presented in Section 3, showing that
the saturation current of the PMOI can be twice the OPI'’s saturation current when both
have the same inductance value.

4.3. Current Density (]) of the PMOI

One of the constrains in a power inductor design is the current density | of the
windings. Figure 8 shows the current density distribution of the PMOI when the DC
input current is 7.5 A. In order to find the exact maximum | value, auto scaling is used
in ANSYS®/Maxwell®. It can be observed from Figure 8 that the maximum J value is
267.4 A/mm? [33].

J[A_per_cm2]

2, 6743e+88Y4
LSBT Ze+BEY
. S4ERe +EEY
L 1729e+B8Y

L BESTYe+@@Y
. 8366e+8@Y4
. B714e+@0Y4
SB43e+80Y
. 3371e+80Y4
L1788 +B@Y
. BE@29e+8@Y4
. 3572e+8@3
. B857e+0035
B143e+803
. 3429e+0035
.EB714e+8@3
. BY47e-BEY

[ B T T e e T T T N T N )

Figure 8. Current ddensity field distribution on the surface of the PMOI winding when the input DC
current is 7.5 A (auto scaling).

4.4. Demagnetization Problem

The demagnetization of the NdFeB-N45SH PM material occurs when a magnetic field
H larger than 12.97 x 10° A/m at 20 °C is applied in the direction of demagnetization [27].
Figure 9 shows the H field distribution in the PMOI when the DC input current is 10 A. It
can be observed that the maximum H value is less than 12.57 x 10° A/m, which means the
PM used in this PMOI design will not be demagnetized even when the input current is as
high as 10 A.
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Figure 9. Cross section view of demagnetizing field H of the PM in the PMOI when the input current
is 10 A (auto scaling).

4.5. Results Discussion

The effect of the PM’s addition can be observed by comparing Figure 7a,b. When
the PM layer is used in a PMOI design, as shown in Figure 7b, the net B values in the top
and bottom ferrite core layers decrease and then increase back to Bsat, unlike the case in
Figure 7a without the PM, where the B value continuously increases.

When the DC input current Ipc increases from zero to 8 A, the B of PM remains
constant (the value is shown in Figure 7b, when Ipc = 0), since in this case there is no B from
the windings and the B in the core is the B of the PM, while the B of windings increases
as the current increases, leading to the net B of the PMOI core first decreasing from the B
of PM to zero and then increasing from zero to Bg,t, as shown in Figure 7b. When Ipc is
less than 3 A, the B of the PM is larger than the B of the windings. In this case, the net B
has the same orientation as the B of PM. When Ipc =3 A, the net B is approximately zero.
The net B distribution in the PMOI core when Ipc increases from 3 A to 7.5 A, as shown in
Figure 7b, is similar to the net B distribution of the OPI when Ipc increases from zero to
4 A, as shown in Figure 7a. It should be noted that in the PMOI core, the amount of flux
generated by the PM is always there, and the winding flux is also there, but their net in the
core is reduced as a result of cancelation, since the two fluxes are in opposite directions and
the core saturation current is therefore increased.

The simulation results for the presented 3D physical models of OPI and PMOI are
compared in Table 2. It can be observed that, compared with the OPI design, the PMOI has
the same inductance value, same total inductor volume, same winding number of turns,
and same gap length, while the saturation current increases from 4 A to 7.5 A, which is
nearly double.

The PM can be included as an additional layer in planar inductors during the fabrica-
tion process to increase the inductor saturation current. For example, taking the inductor
design in [22], if a PM layer is added between the Mn—Zn ferrite layer and the copper coil,
the saturation current can be increased. Similarly, a PM layer can be added between the
carbonyl-iron powder (CIP)/epoxy composite magnetic core and the copper coil to increase
the saturation current for the planar power inductor presented in [34].

Based on the advantages presented and discussed in the paper, a planar power induc-
tor with PM offers a low-profile, high-power, and high-density solution for power converters
used in applications such as telecommunications, computing platforms, and automotives.
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5. Conclusions

This paper presents a 3D physical model and a magnetic circuit model to demonstrate
and evaluate the advantages of adding a PM material to the integrated on-chip power
inductor. The magnetic circuit model shows that adding a PM allows for doubling the
saturation current of the inductor without affecting the inductance value. The simulation
results for the 3D physical model agree with the magnetic circuit model, and show that the
example PMOI increases the saturation current of the OPI from 4 A to 7.5 A with the same
size and inductance value. With the above advantage, PMOI contributes to the reduction
in size and weight, in addition to increasing the power density and integration level of the
on-chip integrated power inductor. The PMOI has a potential consequence, which is the
added cost as a result of the PM layer. However, this yields the advantage of doubling the
saturation current without increasing the power inductor size or the cost of the material
(e.g., core/ferrite), due to the size increase required to obtain a higher saturation current.

Future works will include evaluating the inductor core losses (eddy current loss and
hysteresis loss), in addition to the fabrication and characterization of the PMOI and testing
its operation in an experimental DC-DC power converter. For example, the presented
PMOI can be tested and evaluated in a buck converter, as shown in Figure 10. Experimental
validation helps in evaluating the power inductor performance under operating conditions
in a power converter.

PMOI Sy

S |,":_ «]| Drivers| CAs V, | Load

_ |

PWM
Modulator

Figure 10. Experimental setup for the PMOI evaluation in future work.

The reliability of the PMOI design is likely to match the reliability of any similar planar
power inductor design. However, future work can include further reliability evaluations
and comparisons.
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