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Comprehensive Analysis and Design of LLC Resonant
Converter With Magnetic Control

Yuqi Wei, Quanming Luo, and Alan Mantooth

Abstract—Conventionally, LLC resonant converter adopts
frequency control (FC) or combine FC with phase shift control
(PSC) to regulate the output voltage. However, for both control
strategies, a variable switching frequency operation range is
required, which makes the magnetic component and driver
circuit design complicated. In this paper, the magnetic control
(MC) or variable inductor control is adopted for the LLC
resonant converter. Thanks to MC, constant switching frequency
and duty cycle can be implemented for the primary switches.
A comprehensive analysis of the magnetically controlled LLC
resonant converter is presented, which includes the operation
principle, voltage gain, and soft switching operation. Meanwhile,
a design methodology for LLC resonant converter with MC is
proposed, especially the design considerations for the variable
inductor are discussed. By adopting the proposed design
methodology, the zero voltage switching (ZVS) operation for the
primary switches and the zero current switching (ZCS) operation
for the secondary rectifier can be achieved. Finally, a 200 W
experimental setup is built to validate the theoretical analysis.

Index Terms—Design methodology, LL.C resonant converter,
magnetic control, soft switching.

I. INTRODUCTION

LC resonant converters have drawn much attention and

been widely used due to their characteristics of wide range
operation, soft switching capability, and high power density
[11-19].

From the control strategy point of view, frequency control
(FC) is the most frequently used control strategy for the
LLC resonant converter [8], [9]. By adjusting the switching
frequency, the input impedance of the resonant network can
be modified, and finally the converter output voltage can be
regulated. However, a wide switching frequency operation
range is required to satisfy the system input voltage and output
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power requirement. The following problems will be caused for
wide switching frequency operating range: 1) poor electronic-
magnetic-interference (EMI) performance; 2) complicated
design of magnetic component and driver circuit; 3) low
power density; and 4) high conduction losses. To narrow the
variable switching frequency range, control strategies based
on combining FC and phase shift control (PSC) have been
proposed in [10], [11]. In addition, different combination
strategies are analyzed and proposed to improve the system
efficiency [12], [13]. Nonetheless, these control strategies still
suffer from variable switching frequency range, high turn-
off currents for the primary switches, and complicated control
algorithms.

In order to further narrow the switching frequency operation
range, some topologies based on the modifications of LLC
resonant converter structure are proposed [15], [16]. In [15], a
topology, which integrates half-bridge LLC resonant converter
and full-bridge LLC resonant converter, is proposed. The
proposed topology adopts pulse width modulation (PWM) to
achieve the fixed switching frequency operation of the LLC
resonant converter. In [16], a modified LLC resonant converter
with two transformers in series is proposed, and the proposed
topology has four operation configurations. The required
switching frequency operation range is reduced by adjusting
the converter’s operation mode. However, these topologies
suffer from the following problems: 1) additional switches
are required to re-configure the system structure, which leads
to complexity of the system; 2) in addition, these additional
switches are operating at hard-switching and will generate
additional power losses; 3) for the proposed topology in [16],
although the switching frequency operation range is reduced, a
variable switching frequency range is still necessary to regulate
the output of the converter. In [17], a dual full-bridge LLC
resonant converter topology is proposed. An additional switch
and resonant capacitor are required to adjust the operation
modes of the LLC resonant converter, namely, constant output
current mode and constant output voltage mode. Although the
constant output voltage mode is verified and has been widely
used, the constant output current mode especially its accuracy
still needs to be proved. In [18], the experimental results
demonstrate that the accuracy of the constant output current
mode is unsatisfactory, so a variable switching frequency
range is still required. Overall, all of these topologies still need
to adopt either FC, PSC or PWM to implement the closed-
loop control. Although the switching frequency range can be
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TABLE I
COMPARISON AMONG DIFFERENT ANALYSIS METHODOLOGIES

Switchin, Magnetic
Control & component and . Extra
frequency . L Complexity
strategy driver circuit loss
range .
design
FC Wide Complicated Simple No
FC & PSC Narrow Complicated Complicated No
MC Fixed Simple Simple Yes

Note: Extra control winding is required.

reduced, the problems still present.

To solve the abovementioned problems, the magnetic
control (MC), also called variable inductor control, has been
proposed for LED drivers and resonant converter applications
[18]-[27]. For MC, the output voltage is regulated by adjusting
the variable inductor value. Therefore, a constant switching
frequency and duty cycle can be implemented for the primary
switches, so the magnetic component can be optimized.

The advantages and disadvantages of each control strategy
have been summarized in Table 1. For the MC, the fixed
switching frequency operation can be achieved, while for the
other two control strategies, a variable switching frequency
operation range is required. It is known that the magnetic
component and driver circuit design are related to the operating
switching frequency. Therefore, the design of magnetic
component and driver circuit are complicated for the FC
and combined FC with PSC due to the variable switching
frequency operation. Regarding the control circuit complexity,
the MC requires a voltage controlled current source (VCCO) to
transfer the control voltage signal obtained from PI controller
to DC bias current. Then, the variable inductance value can be
adjusted. Similarly, for the FC, it requires a voltage controlled
oscillator (VCO) to transfer the control voltage signal obtained
from PI controller to frequency signal, so that the operating
switching frequency is adjusted. Based on this analysis, the
complexity of the control circuit for MC and FC are viewed as
simple compared with combined FC and PSC control strategy.
It can be seen from Table I that the MC has many advantages
compared with FC and PSC. The main disadvantage introduced
by MC is the control windings’ loss, which will be discussed in
detail.

Many publications have focused on the analysis and design
of the LLC resonant converter with FC or PSC. However,
few publications focus on the LLC resonant converter with
MC. In [24], [25], an LLC resonant converter with MC is
proposed for the battery charger application. The traditional
fundamental harmonic analysis (FHA) method has been
used to analyze and design the magnetically controlled LLC
resonant converter. However, they all lack a comprehensive
analysis and design of the LLC resonant converter with MC.
In addition, for the LLC resonant converter with MC, unlike
FC, only the normalized switching frequency is adjusted. In
this case, the normalized switching frequency, inductor ratio,
and quality factor are all changed, which brings difficulty to
analyze and design. Therefore, it is of great importance to give
a comprehensive analysis on the magnetically controlled LLC
resonant converter, and investigate the corresponding design
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Fig. 1. Half-bridge LLC resonant converter with magnetic control.

methodology.

This paper is an extended version of the conference paper [27],
and it is organized as follows: in Section II, a comprehensive
analysis for the magnetically controlled LLC resonant
converter is illustrated, which mainly includes operation
principle, voltage gain, soft switching operation, and power
loss analysis. Then, the proposed design methodology for the
LLC resonant converter with magnetic control is presented
in Section IV. Finally, experimental results from a 200 W
prototype are shown to validate the theoretical analysis.

II. COMPREHENSIVE ANALYSIS OF THE MAGNETICALLY
CoNTROLLED LLC RESONANT CONVERTER

Unlike the traditional frequency control, by adjusting the
switching frequency, only the normalized switching frequency
is changed, and the relationship between the voltage gain
and normalized switching frequency can be easily obtained.
However, for the magnetic control, by adjusting the variable
resonant inductor value, the normalized switching frequency,
inductor ratio, and quality factor are all affected. Therefore,
a comprehensive analysis of the LLC resonant converter
with magnetic control is required. In this part, the operation
principle, voltage gain, soft switching operation, and power
loss analysis for the magnetically controlled LLC resonant
converter are discussed.

A. Operation Principle

Fig. 1 shows the topology of the half-bridge LLC resonant
converter with magnetic control. The variable resonant inductor
value is adjusted to regulate the output voltage. The definitions
of the inductor ratio K, the quality factor O, the series resonant
angular frequency w,, the parallel resonant angular frequency
,,, and the normalized switching frequency £, are defined as:

w, = 27f, = LlC
w, =2mf, = ﬁ
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Fig. 2. Operation principle of the variable inductor. (a) Physical structure.
(b) Principle of operation. (¢) The relationship between DC bias current and
inductance value.
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Fig. 3. Proposed control strategy for the LLC resonant converter with
magnetic control.

where R, is the equivalent resistance of the rectifier network.

Fig. 2(a) shows the typical structure of a variable inductor
with double E cores, where the control winding or auxiliary
winding is placed on the outer arms without air gap, while
the main inductance is wound on the central arm with air gap.
The DC bias current 7, is the current goes through the control
winding of the variable inductor as shown in Fig. 2(a), which
generates a DC bias magnetic flux density inside the magnetic
material, thus adjusting the material magnetic permeability
by changing the DC operating point around the knee of the
B—H curve as shown in Fig. 2(b). It can be seen that with
the increase of the DC bias current, the material magnetic
permeability is decreased, and finally decreases the variable
inductance value. Therefore, typically, the variable inductance
is inversely proportional with its DC bias control current as
shown in Fig. 2(c).

Fig. 3 shows the proposed control strategy of the LLC
resonant converter with magnetic control. The operation
principle can be described as follows: when the output voltage
is less than the reference voltage, after PI controller, the voltage
control signal v, will increase, so does the output current of
the voltage controlled current source /.. Then, based on the
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Fig. 4. FHA model of the LLC resonant converter.

relationship between the DC control current and the variable
inductance value, the resonant inductance L, will be decreased.

The normalized switching frequency, inductor ratio, and
quality factor are all affected by the decrease of variable
resonant inductor. Specifically, the inductor ratio is increased,
which will decrease the voltage gain based on the analysis
results of traditional LLC resonant converter with frequency
control; but the quality factor is decreased, which will increase
the voltage gain; for the normalized switching frequency, it is
decreased, so the voltage gain should be increased. It would
be difficult to reach the conclusion whether the voltage gain
is increased or not by using the results obtained from the
frequency control. Therefore, for the magnetically controlled
LLC resonant converter, a clear conclusion can be drawn
from the impedance point of view. Since the switching
frequency is constant, the resonant inductor impedance and
total input impedance is decreased, while other impedances
remain unchanged. Therefore, according to the voltage divider
law, the output voltage is increased and finally equals the
reference voltage. However, the relationship between the
variable resonant inductor value and the system voltage gain
is still required, and the detailed analysis of the voltage gain is
presented in next part.

B. Voltage Gain

Fig. 4 shows the converter model obtained by using the
fundamental harmonic approximation (FHA) method, where
V. is the fundamental harmonic of the resonant network input
voltage, and V), is the fundamental harmonic of the transformer
primary side voltage [18].

Based on Fig. 4, the output voltage of the LLC resonant
converter can be derived according to the voltage divider law
as below.

L sR

m ac

L.+ Rav

1 L sR_
L m ac
T Cs TLs+R, @

Vpl (S) = V;.m

Lm CrRac $ ’
=Vac 3 2
LLCs+(L +L)CR.s +Ls+R,

2
8
Rat' = LZRI (3)
K
V=22, 0

pl
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Fig. 5. Voltage gain curve with different resonant capacitor values.

in ®)

The voltage gain is defined as: M = nV,/(V;/2). Then, by
substituting (4) and (5) into (2), the following equation can be
obtained.

mM=|Ls L Lo, :
L.Cs

+1 6)

By substituting s = 27 £, j into equation (6) and rearranging it,
the system voltage gain can be expressed as

1

M =
2mf, -1 > o1l L,C2muf) -1
\/[ R, Lo CrRac(z"fo)] ’ [Lm b mer(2"n'f;)z ]
@)

For the magnetically controlled LLC resonant converter, the
relationshipbetween the voltage gain and the variable resonant
inductor L, should be found, so equation (7) can be expressed as

e 1
Vi, +5) + (cL, +d)’
) | ®

2 2 2 2 2
Vi@ + ) +Qab +2ed)L, +b'+d

Please note that the parameter a, b, ¢, and d can be found
according to (7). The relationship between the voltage gain,
variable resonant inductor, magnetizing inductor, and resonant
capacitor should be investigated. Based on (8), Fig. 5 shows
the voltage gain curve with different resonant capacitor values
when f; = 100 kHz, L, =200 ¢H, n =2, and R, = 10 Q. It can
be seen that with different resonant capacitor values, the peak
voltage gain remains unchanged, and with the increase of the
resonant capacitor values, the peak gain operation point is
shifting from the right side to the left side.
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Fig. 6. Voltage gain curve with different magnetizing inductor values.
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Fig. 7. Voltage gain curve with different magnetizing inductor values.

Fig. 6 shows the voltage gain curve with different magne-
tizing inductor values when £, = 100 kHz, C, = 20 nF, n = 2,
and R, = 10 Q. It can be seen that magnetizing inductor value
has a great influence on the system voltage gain. Specifically,
with the increase of the magnetizing inductor value, the peak
voltage gain is decreased. Also, when the resonant capacitor
value is determined, the unity gain operation point is fixed.

C. Soft Switching

To achieve high efficiency conversion, soft switching operation
for the LLC resonant converter should be guaranteed.
Therefore, it is necessary to analyze the soft switching opera-
tion of the LLC resonant converter with magnetic control.
Based on the peak voltage gain and unity gain, the LLC
resonant converter is divided into three regions as shown in
Fig. 7. The peak voltage gain is the boundary between the
capacitive region and the inductive region of the resonant
network input impedance as shown in Fig. 8, when the input
impedance angle is positive, it is operating in inductive region,
otherwise, it is operating in capacitive region.

For region 1, it is located at the left side of both lines, it is
operating in capacitive region, so the zero current switching
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Fig. 8. The relationship between the input impedance angle and the variable
resonant inductor with different magnetizing inductor values.

2 T
— Gnax=1.16
>k —_— Mmax
S
.8
=
en
)
k=)
S
X:0.000132
iy, Y0 1.16
.%_
1 . . . !
50 100 150 200 250 300

Magnetizing inductor (1H)

Fig. 9. Relationship between the maximum voltage gain and the magnetizing
inductor value.

(ZCS) operation for the primary switches is achieved, since
the switching frequency is lower than the series resonant
frequency, the ZCS operation for the secondary rectifier is
achieved. For region 2, it is located at the right side of the peak
voltage gain curve and the left side of the unity gain curve, it
is operating in inductive region, so the zero voltage switching
(ZVS) operation for the primary switches is achieved, and
the ZCS operation for the secondary rectifier is achieved. For
region 3, the converter is operating in inductive region, the
ZVS operation for the primary switches is achieved, since
the switching frequency is higher than the series resonant
frequency, the ZCS operation for the secondary rectifier is
lost. For the MOSFETSs, the ZVS operation is preferred, so
the desired operation region for the LLC resonant converter is
region 2.

Next, the soft switching operation condition for the
magnetically controlled LLC resonant converter is analyzed
mathematically. For the ZVS operation of the primary switches,
according Figs. 8 and 9, the ZVS operation is guaranteed when
the variable resonant inductor L, is at the right side of the peak
voltage gain operation point, which can be expressed as

—(ab +
Lypin = Jaz+_§dl )
a C

To guarantee the ZCS operation of thesecondary rectifier, the
switching frequency should be lower than the series resonant
frequency during the whole operation range, so the following
inequity should be satisfied.

A

Ll‘,max = 1 0
A C f (10)

D. Power Loss Analysis

For the magnetically controlled LLC resonant converter, the
power loss mainly include the following aspects: 1) variable
resonant inductor loss; 2) primary switch loss; 3) output
capacitor loss; 4) transformer loss; 5) secondary rectifier loss;
7) driver circuit loss; 8) control circuit loss. Compared with the
traditional power loss analysis of the frequency controlled LLC
resonant converter [28], the differences only exist in variable
resonant inductor loss, transformer loss, and control circuit
loss. Therefore, only the discussion of the variable resonant
inductor loss, transformer loss, and control circuit loss are
presented in this paper.

1) Variable Resonant Inductor Loss

For the variable resonant inductor loss P,,, the following
three parts are included: 1) core loss P, ,; 2) winding loss
P inding 15 3) and control winding loss Pmml:u.

For the core loss, according to [20], the peak value of the
flux density can be expressed as

NACAL,Lr ]
A pk (1 1)

e_Lr

B =

where 4, ,, is the inductance factor, 4, ,, is the effective area of
the core, and 1, is the peak value of the AC current.

Then, according to [20], the magnetic core loss of the
variable inductor can be approximated by using the peak
flux density and the losses characteristics given by the
manufacturer.

For the winding loss, the Dowell model, which describes
the ratio between the dc resistance R, and the ac resistance
R,., is used to calculate the equivalent ac resistance R,.. The dc
resistance R, can be expressed as

R = PhuV (12)

where p is the resistivity, L,,, is the average length of one turn,
N is the total turns, and S is the cross section area of the copper
winding.

The ac resistance R, can be derived as

R, =kR, (13)
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where £ is the coefficient that can be determined by the Dowell
model.
Finally, the winding loss can be calculated as
2 2
winding — I.xR, +1I, xR, (14)
For the control winding loss, based on (13), the equivalent

dc resistance Ry, om0 can be calculated. Then, the control
winding loss can be expressed as

2
R»ontmLLB =1 x Rd(v,mmml (15)

where 7, is the DC bias current for the variable inductor.

2) Transformer Loss

For the magnetic control, it is much easier to analyze the
transformer loss due to the constant frequency operation.
However, for the traditional frequency controlled LLC resonant
converter, the operating switching frequency is variable,
which brings difficulty to the transformer power loss analysis.
In addition, the transformer optimization is much easier for
the magnetically controlled LLC resonant converter. Please
note that the traditional power loss analysis method for the
transformer is used here.

3) Control Circuit Loss

The control circuit loss is mainly generated by the voltage
controlled current source (VCCO), and the control circuit loss
can be calculated based on the following equation.

Peontrot = V x 1

anply X Inc (16)
where V,,,, is the voltage of the VCCO, and Iy is the DC bias
current of the variable inductor.

II1. DESIGN METHODOLOGY

Unlike the traditional frequency control, the design of the
switching frequency operation range is the main focus, while
for the magnetic control, the design of the variable resonant
inductor is crucial. The system specifications are summarized
in Table II.

Step 1 Calculation of the transformer turns ratio n

Firstly, the transformer turns ratio » is determined based on
the input voltage and output voltage requirement.

L= 210
2 x48

~22 (17)

In the prototype, transformer turns radio n = 2.3 is made.
Therefore, n = 2.3 is used for the following calculations.

Step 2 Selection of the resonant capacitor C,

The design considerations for the resonant capacitor C, are: 1)
voltage rating; 2) commercial available capacitance value. The
voltage stress for the resonant capacitor can be expressed as

2
V

C = ] "

R (2VCr,\'aling -

in,min ) in,min

TABLE II
SYSTEM SPECIFICATIONS

Parameter Designator Value
Input voltage Vinmin~Vinmax 190~210 V
Output voltage v, 48V
Output power Pomin~Po,max 50~200 W
Switching frequency §A 100 kHz

The voltage stress is set as 400 V, then, the minimum
resonant capacitor C,;, equals 17.26 nF is calculated. Based
on the commercial available capacitor values, finally, C,= 27
nF is selected.

Step 3 Selection of the magnetizing inductor L,

There are two considerations when designing the magne-
tizing inductor: 1) maximum voltage gain requirement; 2)
resonant network root-mean-square (RMS) current, which is
related to the conduction loss.

The maximum voltage gain G,,, can be determined accor-
ding to the input voltage, output voltage, and transformer turns

ratio.

G =
max V

Voxn _ 48x23 _
2 T 1902 1.16 (19)

inmin

In order to satisfy the voltage gain requirement during
the whole operation range, the converter should achieve the
maximum gain under the worst case, that is, when input
voltage reaches its minimum value, and the output power
reaches its maximum value. From (8), the maximum voltage
gain of the magnetically controlled LLC resonant converter
can be expressed as

1
(be - ad) (20)

2
a +c

max

Based on (21), the relationship between the maximum
voltage gain M, and the magnetizing inductor value L,, can
be obtained as shown in Fig. 9. It can be seen that with the
increase of the magnetizing inductor value, the corresponding
maximum voltage is decreased. Therefore, in order to satisfy
the system voltage gain requirement, the magnetizing inductor
value should be less than 132 xH.

In order to guarantee ZVS operation for the primary
switches S, and S, their currents i, and i, should be negative
before their driving signals come, so their body diodes can be
turned on. Clearly, the worst case to achieve ZVS operation for
the converter is when the input voltage reaches its maximum
value. The charge stored in the drain-to-source capacitance of
switch S;, C, should be extracted completely during the dead
time. Since the dead time is relatively small compared with
the switching period, the resonant inductor current during the
dead time can be assumed to be constant at i; ,_, which can
be approximately expressed by the magnetizing inductor peak
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current as shown in (22).

. . VD
Lerdead - anle - 2Lmﬁ (2 1)

where D is the duty cycle of the switch, and it equals 0.5.
Therefore, the following inequality should be satisfied to
achieve ZVS operation for the primary switch S,.

Q = iLridcad x tdead 22'Cr]s] Vin,max (22)

Then, the expression for the magnetizing inductor L, can be
derived as

= nVthdcad
S aC V. f (23)

dsl * inmax /s

In this research, #,.,,= 100 ns, and C,,= 22 pF are selected.
Then, a boundary value for the magnetizing inductor L, equal
to 3000 #H can be calculated.

Fig. 10 shows the relationship between theresonant network
RMS current and the magnetizing inductor value. Clearly, a
higher magnetizing inductor value will result in a lower RMS
resonant network current, and when the magnetizing inductor
value is greater than 100 xH, the RMS current decreasing slope
is reduced. So the magnetizing inductor value greater than 100
#H is required.

Finally, based on Figs. 9 and 10, the magnetizing inductor
value L, = 120 xH is selected.

Step 4 Design of the variable resonant inductor L,

As previously mentioned, the maximum value of the
variable resonant inductor is determined based on the ZCS
operation of the secondary rectifier. So the maximum variable
resonant inductor value is calculated based on the following
equation.

1
= —5—5 =938 uH (24)

T,max 2

4w C f

To satisfy the ZVS operation (9), the minimum variable
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N
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Fig. 11. Voltage gain curve when f, = 100 kHz, C, =27 nF, and L,, = 120 xH.

resonant inductor value should be greater than 57.8 uH.
According to the voltage gain expression, there are two values
that can satisfy the voltage gain requirement (G,,,,= 1.16)
as shown in Fig. 11, one equals 71.5 xH, another one equals
44 uH. In order to achieve the ZVS operation, the minimum
variable resonant inductor value is selected as 71.5 yH.

Next, thedesign considerations for the variable resonant
inductor is discussed.

In this research, EE42 core framework with PC47 core
material [29] are selected to implement the variable inductor.
The airgap for the core is 0.6 mm. Then, the inductance factor
A, can be calculated according to the following equation.

A
A, = 7(;7 e (25)

where 1, is permeability of free space and A4, is the effective
area of the core.

Then, inductance factor 4, = 266 nH can be calculated. The
turns ratio is obtained when the variable inductance reaches its
maximum value.

L
N L= T,max (26)
AC A .

Based on (27), N, =19 is calculated. According to the
simulation model in [20], Fig. 12(a) shows the simulation
results of the DC bias current and the variable inductance
for different control winding turns Np.. From the simulation
results shown in Fig. 12(a), it can be seen that a higher control
winding turns require a small range of DC bias current. For
the control winding loss, based on (18), the equivalent dc
resistance Ry, .oy €an be calculated.

2 pL .
Ry = 2 @)

Then, the control winding loss can be expressed as

2

=1

DC

P

control LB

R o (28)
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Np- (b) Control winding loss comparison.

where 7, is the DC control current for the variable inductor.

Clearly, different control windings will only influence the
control winding loss. Based on the simulation model, the
comparison between different control winding turns in terms
of control winding loss is shown in Fig. 12(b). Please note that
since the control winding only takes a small space, the same
wire is used to implement the control winding. The DC control
current range is determined by the simulation results to satisfy
the variable inductance range in this paper. Based on Fig.
12(b), it can be seen that when Ny = 50, the corresponding
control winding loss is the smallest. When the control winding
turns is small (N = 30), the required DC control current is
large, which increases the control winding loss; when the
control winding turns is increased (Npe = 40), the required
DC control current is reduced, so the control winding loss is
decreased; however, when the control winding turns is further
increased (N = 50), although the required DC control current
is reduced, the reduction is not obvious when compared with
the control current reduction from Ny = 30 to Ny = 40, which
makes the control winding loss reduction not obvious, and it
also increases the complexity to implement a variable inductor
with large control winding turns. Therefore, based on the above
analysis, control winding turns N =40 is selected. The design
flow chart for the LLC resonant converter with magnetic
control is shown in Fig. 13.

o>

Determine the transformer turns ratio
1n=Vinmax! Vo
Calculate the voltage gain range

Ginax=nVo/ Vi min

Find a reasonable C, value that can
satisfy its voltage stress requirement|

Crmin = o
M Riminf (2Veksating — Vinmin)Vinmin

v

Find a reasonable value for
magnetic inductance value L,,
based on the following
considerations: 1) maximum
voltage gain requirement; 2)
RMS resonant network current.

Calculate the maximum valug
for variable inductor L; yax

Lrmax =

4G

Find the minimum value for
variable inductor L, i, to
satisfy the maximum gain

requirement

End

Fig. 13. Flow chart of the proposed design methodology for the LLC resonant
converter with magnetic control.

' Voltage

sampling

Error Voltage Controlled
Current Source

K=2.5/48 V,,

Fig. 14. Experimental prototype. (a) Experimental setup. (b) Control circuit.

IV. EXPERIMENTAL RESULTS

In this part, an experimental prototype has been built to
verify the theoretical analysis. The experimental setup is shown
in Fig. 14(a), and the implemented control circuit to achieve
the closed loop control is illustrated in Fig 14(b), where
LM358 is adopted to form a PI controller, and combined with
NPN transistor BD137, a voltage controlled current source is
built to provide DC bias current for the variable inductor. The
circuit parameters and component part numbers are shown in
Table I11. In practice, the leakage inductance of the transformer
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TABLE IIT
CirculT PARAMETERS AND COMPONENT PART NUMBERS

Unit Component Parameter
Resonant capacitor C, 27 nF
71.5~93.8uH
. EE42 PC47
Resonant inductor L, Noc =40, N = 19
g=0.6 mm
Half-bridge Magnetizing inductor L, 130 uH
LLC resonant Output capacitor C, 150 uF
converter with
magnetic Turns ratio N 2.3:1
control . IPA60R170CFD7X
Switch Sy, S, KSA1
Diode D, Dy, Ds, D4 IDP15E60XKSA1
Power source Agilent 6813B
DC electronic load Chroma 63205A
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Fig. 15. Experimental waveforms when input voltage equals 190 V and 210 V.
(a) P,=50 W. (b) P,= 150 W. (c) P, =200 W.

can be utilized as part of the variable inductor, so the design
requirements for the transformer are reduced.

Fig. 15(a) shows the experimental waveforms of the
resonant network input voltage V};, the resonant inductor
current i; , the secondary side current i, and the output voltage
V, when P, = 50 W, the input voltage equals 190 V and 210V,
respectively. From the resonant inductor current waveforms,
it can be seen that the resonant inductor value is adjusted to
keep the output voltage constant with different input voltage.
In addition, the resonant inductor current i, lags behind the
resonant voltage V};, which ensures the inductive operation of

WA
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Fig. 16. Experimental waveforms of the drive signal V;, and drain-to-source
voltage Vg, of switch S, and output current Z,. (a) P, =50 W. (b) P,= 100 W. (c)
P,=150 W. (d) P,=200 W.
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Fig. 17. Dynamic response of the proposed converter. (a) Load changes from
105 to 43 W. (b) Input voltage changes from 210 to 190 V.

the resonant network input impedance. So the ZVS operation
for the primary switches is achieved. In addition, the secondary
side current i, decreases to zero before the corresponding
turn-off signal for the rectifier is coming, so there is no reverse
recovery problem for the secondary rectifier and the ZCS
operation is achieved.

Similarly, Fig. 15(b) and (c) show the experimental wave-
forms when the output power equals 150 W and 200 W,
respectively. It can be seen that the ZVS operation for the
primary switches and ZCS operation for the secondary rectifier
still hold.

Fig. 16 shows experimental waveforms of the drive signal
V5, and the drain to source voltage V¢, of switch S, and the
output current /, with different output power levels. It can
be seen that before the switch is fully turned ON (after the
gate threshold voltage Vgs)q), the voltage across the switch
decreases to zero, thus the ZVS operation is achieved.

Fig. 17(a) shows the dynamic response of the converter
when the load changes from 105 W to 43 W. It can be seen that
when the output power changes, the variable inductor changes
accordingly to keep the output voltage constant. Fig. 17(b)
shows the dynamic response when the input voltage is reduced
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Fig. 18. Converter efficiency with different output power.
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Fig. 19. Power loss analysis when P,= 120 W.

from 210 to 190 V. It can be seen that the response time is short
and the dynamic characteristic is good. This is mainly because
the variable resonant inductance value can be adjusted right
after the change is happened.

Fig. 18 shows the system efficiency curve with different
output power. The measured maximum efficiency is 94% when
the output power equals 120 W. In addition, the estimated
power loss analysis for the converter when P,= 120 W is
given in Fig. 19. It can be seen that since ZVS operation is
achieved for the primary switches, only the conduction losses
are included, but a high Ry, resistance (Rpg, = 0.29 Q) for
the switches will lead to a relatively high conduction loss. In
addition, although the rectifier diodes operate with ZCS, their
conduction losses cannot be neglected due to the relatively
high RMS current that flows through the diodes and their high
forward voltage (V; = 0.95 V). In the future work, low forward
voltage diodes, synchronous rectifier technology, and half-
bridge rectifier can be adopted to further improve the system
efficiency. For the variable inductor, both the control winding
loss and core loss are included.

V. CONCLUSION

Traditional LLC resonant converter adopts frequency control
or phase shift control to regulate the output voltage, which
suffers from a wide switching frequency operation range, poor
EMI performance, and complicated magnetic component and

driver circuit design. The magnetically controlled LLC resonant
converter proposed in this paper can solve the abovementioned
problems. In this paper, the LLC resonant converter with
magnetic control is analyzed, which including the system
control strategy, operation analysis, voltage gain, and soft
switching operation. Then, based on the analysis, a design
methodology for the magnetically controlled LLC resonant
converter is proposed. By adopting the proposed methodology,
the ZVS operation and ZCS operation for the primary switches
and secondary rectifier can be achieved, respectively. Finally,
the experimental results are presented to validate the theoretical
analysis.The main focus and contribution of this paper lies in
the following two aspects: 1) a comprehensive analysis for the
LLC resonant converter with magnetic control is presented;
2) a design methodology is proposed for the LLC resonant
converter with magnetic control.
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