198

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

Seamless Control of Full-Bridge and Half-Bridge
Topology Morphing LLC Converter Based on State
Plane Analysis

Jie Chen ", Student Member, IEEE, Junzhong Xu

Abstract—The topology morphing (TPM) strategy, which in-
volves switching between full-bridge and half-bridge modes, offers
a promising solution to broaden the voltage gain range of LLC
converters without adding an extra device. However, due to the
distinct voltage gain curves of these two modes, the existence of
a stable operating point after TPM is not promised, resulting in
system instability. To address this issue, this article proposes a
design procedure based on peak gain trajectory, incorporating
geometrically simplified steady-state state plane analysis. In this
way, the predicted result shows a great agreement with the exact
peak gain trajectory. In addition, a state plane-based topology
morphing control (SPTMC) is introduced to mitigate significant
output voltage transients caused by the abrupt TPM. With such a
strategy, the desired switching frequency after TPM is forecasted
and feedforward to the conventional linear control to ensure tight
regulation of the output voltage during TPM. Itis noted that neither
a lookup table nor control scheme switching is required for the
proposed control strategy. A prototype has been constructed to
validate the feasibility of the proposed design procedure and the
proposed SPTMC.

Index Terms—Dynamic response, LLC converter, state plane
analysis (SPA), topology morphing (TPM), wide gain.

I. INTRODUCTION

HE LLC resonant converter has become popular over the

past decade due to its advantageous features, such as
high efficiency, easy implementation of zero voltage switching
(ZNS), and hold-up capability [1], [2], [3]. However, certain
applications requiring a wide voltage gain range can pose chal-
lenges in LLC converter design [4], [5], [6]. For example, in
electric vehicle charging applications, to adapt to the main-
stream automotive power battery voltage platforms, the output
voltage range of the poststage dc—dc converter is required to be
200-1000 V, which is challenging for a standalone LLC con-
verter to achieve such a wide gain range while maintaining high
efficiency. One common solution involves employing a group of
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modularized LLC converter converters that can switch between
series and parallel modes using relays [7], [8]. This approach,
however, introduces high-voltage dc relays, increasing system
costand bulkiness. Thus, itis advantageous to explore alternative
solutions that can improve the LLC converter voltage gain range
without the need for additional circuits.

There are two common approaches to extend the voltage
gain range of an LLC converter voltage gain range. The first
approach involves adopting hybrid modulation, such as phase
shift, pulsewidth modulation (PWM), or other new modulation
schemes. These techniques provide the LLC converter modu-
lation with a higher degree of freedom [9], [10], [11], [12].
However, implementing these new modulation schemes often
requires topology modifications, which complicates the design
and optimization, i.e., the ZVS range and optimized inductor
RMS current should be reconsidered.

The second approach is known as topology morphing (TPM)
[13], [14], [15], [16]. In this approach, the voltage gain of the
full-bridge (FB) LLC converter is twice that of the half-bridge
(HB) LLC converter at the same operating point. Based on
such a concept, a switching strategy was proposed in [14] that
allows the LLC converter to switch between FB and HB modes.
Therein, FB mode is used to achieve high voltage gain as shown
in Fig. 1(a), whereas the HB mode is employed in low gain
situations as shown in Fig. 1(b). On this basis, a three-operation
mode LLC converter was proposed in [15]. In addition to HB and
FB modes, the LLC converter can also operate in a dual hybrid
FB and HB mode by adding an additional leg on the primary
side, which offers a voltage gain range between HB and FB
modes. Another variation, presented in [16], introduces a series
of HB (SHB), i.e., similar to a three-level LLC converter, and
conventional HB modes in the LLC converter to further widen
the gain range.

However, TPM does indeed face certain challenges. One of
the issues, which is seldom studied in the literature, is the lack of
stable operating points on the low gain curve after transitioning
from a high gain mode to a low gain mode. Taking FB and
HB morphing as an example, as shown in Fig. 1(c), the FB
LLC converter reaches the frequency limit and performs TPM
instruction at operation point I (OPq). If the gain curve of HB
mode is HB I, TPM can be completed successfully, and the LLC
converter will operate at operation point I (OP5) in HB mode.
However, if the gain curve of the HB LLC converter is HB 1II,
there is no operating point on the curve that matches the voltage
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Fig.2. Comparison between the hybrid modulation method and TPM method.

gain before TPM. While this issue can be addressed during the
design procedure by considering the peak voltage gain curve
into consideration conventional first harmonic approximation
(FHA) analysis in boost mode is not accurate enough to serve as a
reliable reference for LLC converter design [17], [18]. Therefore,
it is necessary to explore precise methods for forecasting the
gain.

Another challenge with the TPM approach is the occurrence of
significant overshoot or undershoot during the transition, caused
by the difference between the gain curves in different modes,
as depicted in Fig. 1(d). To realize seamless TPM, the duty
cycle of the morphing leg is gradually adjusted from 50% to
nonswitching during the transition process [19]. However, this
stepwise duty cycle variation consumes a significant amount
of time. In [15], the switching frequency is fixed at a desired
value during TPM to improve the dynamic performance. Yet, it
requires the use of a lookup table, and all the data are collected
through experiments, which can be time-consuming.

The comparison between the hybrid modulation method and
the TPM method is depicted in Fig. 2. Although the TPM
approach enjoys a wide voltage gain range with full range ZVS,
the continuity of the voltage gain is seldom discussed and it
suffers from the significant transient process during TPM.

To further improve the dynamic performance during TPM,
state plane analysis (SPA) is introduced, where the resonant
inductor current iz, and resonant capacitor voltage v, are
extracted to describe the transition of the resonant circuit in a
2-D state trajectory [20]. Through SPA, the optimal trajectory
between two steady-state trajectories can be predicted, and
optimal trajectory control (OTC) has been developed to achieve
a fast dynamic response [21]. In [22] and [23], OTC is used to
improve the dynamic performance during TPM between FB and
HB LLC converters. In [24], OTC is adopted for the SHB mode
LLC converter. Although OTC can achieve seamless TPM within
a single switching cycle in theory, OTC have to be awakened
as soon as possible to maintain its effectiveness in trajectory
calculation, and thus a cycle-by-cycle control is indispensable,
which is not friendly for a low-performance microcontroller
unit (MCU). Moreover, the control scheme has to be switched
between conventional linear control and OTC, i.e., transient
control scheme switching is required, resulting in the increased
likelihood of system instability [22].

In addition to the aforementioned transient state SPA, the
steady-state SPA can predict the behavior of the resonant in-
ductor current i, resonant capacitor voltage vy, and dc gain
characteristics at the specific operating points. However, these
steady-state SPA models often involve high-order differential
equations, making it challenging to obtain analytical solutions.
Thus, simplification is expected to ease the complexity of the
steady-state SPA. In this article, a design procedure based on
geometrically simplified steady-state SPA is proposed for FB
and HB morphing LLC converters and a corresponding seamless
TPM control scheme is presented to solve the above issues of
TPM LLC.

The contributions of this article are summarized as follows.

1) The peak voltage gain curve of the LLC converter is

predicted through geometrically simplified SPA, which
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can be used as an important criterion for LLC converter
design. Besides, the expression of the desired switching
frequency in boost mode is derived.

Based on the predicted LLC converter peak voltage gain
curve, a design procedure for FB and HB morphing LLC
converter was proposed. Herein, both the resonant capaci-
tor voltage stress and the existence of a matching switching
point are considered to ensure the stability of the converter.
A state plane—based topology morphing control (SPTMC)
is proposed. The desired frequency variation is predicted
online, and feedforward to the controller to optimize the
dynamic performance during TPM.

The rest of this article is organized as follows. In Section II,
the state plane of the LLC converter is introduced and a novel
peak gain trajectory prediction method is proposed. Section III
explains the procedure of the proposed FB and HB morphing
LLC converter design. Section IV describes the principle of
the proposed SPTMC. Section V gives the experiment results.
Finally, Section VI concludes this article.

2)

3)

II. STATE PLANE ANALYSIS OF TOPOLOGY MORPHING LLC
CONVERTER

A. State Plane of LLC Converter

The topology of the FB LLC converter is shown in Fig. 1(a).
The resonant tank is composed of the resonant inductor L,, the
resonant capacitor C,, and the magnetizing inductor L,,. The
transformer ratio is n, and the input and output voltages are Vi,
and V¢, respectively. If Q4 is constantly ON and Q3 is constantly
OFF as shown in Fig. 1(b), the topology morphs into an HB LLC
converter. The gain of the HB LLC converter is half that of the
FB LLC converter at the same operating point.

According to the conduction status of primary side switches
and secondary side diode, the LLC converter can be separated
into six different states in a single switching cycle, as shown
in Fig. 1(e). Herein, FB and HB LLC converter share the same
circuit in state I, II, and III, and differs in states IV, V, and VI.
Both the ESR of all components and the diode forward voltage,
which may slightly reduce the voltage, are ignored to simplify
the analysis. With decent permutation and a combination of
different states, LLC converters at various operating points can
be obtained and studied. Through Kirchhoff’s voltage laws, the
normalized trajectories of all six modes are, respectively, written
as follows [20]:

(e — 1+ nVen)? + 28 = (Voron — 14 nVex)® + 12 ,0x

Veron — 1 —nVn)® + I on
Veron — 1)2 + 2312 0x/ 23

Veron +a — nVoN)2 + I%roN

(Ve — 1 —nVn)? +i2

(ven — 1)* + 2343 5/ 23
(voN +a — nVoN)2 + i
(Vo + @+ nVen)® + i3 1y

(vew + a)? + 2242 /23

Voron +a+nVn)? + I3 ox
Voron +a)® + Z31Eon/ 28
(1

(
(
(
(
(
(

where Zy = (L,/C)"? and Z; = [(Li4+Lw)/C: ]2, vern rep-
resents the normalized resonant capacitor voltage, iz n is the
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Fig. 3. Peak gain trajectory with different inductor ratio k after TPM (HB
mode) and gain curve before TPM (FB mode), where the purple region illustrates
the allowable switching frequency range and the red and green dots stand for
the possible operating point after TPM.

normalized resonant inductor current, VN denotes the normal-
ized output voltage, and V. gn and I.on are defined as the
normalized initial condition under each state. a is 0 for HB mode
and 1 for FB mode. All the variables are normalized as follows:

fN :fs/fr
on =0/ Vin
tr = 1/fr

M = Viy/nV,

where f; = w,/27 is the resonant frequency, w, = (1/L,C)* is
the resonant angular frequency, f; is the switching frequency, #,
is the resonant cycle, and M refers to the voltage gain.

B. Peak Gain Prediction of LLC Converter With SPA

Although the FB and HB morphing LLC converter features an
extended voltage gain range, the converter system will become
unstable, if there is no suitable HB mode operating point when
the FB LLC converter performs the TPM instruction. The cause
of the absence of a suitable operating point can be concluded as
follows:

1) low voltage gain due to heavy load as shown in Fig. 1(c);

2) a wide switching frequency range is required because of

the large inductor ratio &, as shown in Fig. 3.

As shown in Fig. 3, when the LLC converter switches from
FB to HB at OPy, stable operating points (with the same voltage
gain TPM) definitely exist within the frequency limits, i.e., k is
2 or 3. It is because the inductive operating region is on the right
side of the peak gain trajectory, and the minimum switching
frequency to achieve a certain voltage gain can be considered
as the frequency at which the peak gain trajectory reaches such
voltage gain. Yet, the desired frequency to maintain the same
voltage gain decreases, as the inductor ratio k increases, and thus
the existence of a certain working point cannot be confirmed if
k is greater than 4.

Therefore, one basic requirement to guarantee the accom-
plishment of TPM is that the peak gain at the minimum switching
frequency of HB mode must be greater than the reference
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Fig. 4. (a) State plane (x-axis: normalized resonant capacitor voltage vcrN,
y-axis: normalized resonant inductor current i7,,N) and (b) key waveforms of
LLC converter at the peak voltage gain.

voltage. In this section, the prediction of peak gain trajectory
will be derived via geometrically simplified SPA.

It is noted that while the soft switch requires a certain amount
of reverse current to be effective, the dead time effect has
minimal impact on the peak gain curve, i.e., the ZVS/non-ZVS
boundary deviates from the peak gain curve in practice. There-
fore, in the derivation process, both dead time and parasitic
parameters can be disregarded.

The peak gain trajectory is the boundary between the ca-
pacitive region and inductive region of the LLC converter, and
also the dividing line whether the primary side MOSFET can
implement ZVS. Fig. 4(b) shows the waveform of FB LLC
converter at peak gain, where iz,N is 0 and Q; and Q4 are
critically ZVS turned ON at A.

In Fig. 4(a), vern and ip,n are extracted, as the x-axis and
y-axis, to plot the state plane trajectory. It can be seen that the
LLC converter has four states (I, III, IV, and VI) at the peak
gain. The only criterion for the converter to operate at the peak
gain is that the starting points of both states I and IV are on
the x-axis. Thus, the LLC converter peak gain trajectory can be
obtained by calculating the gain and the time period required
for the converter to run around such a trajectory that meets the
criterion.

The switching cycle at peak gain f,c,x can be decomposed
into the duration of states I, III, IV, and VI, which are 1, #1171, f1v,
and tvy7, respectively. Because the two half-cycles of the LLC
converter are symmetric with each other, ¢, can be written as

tpeak = t1 + tm + trv + tvi = 281 + 2t (3)

In state III, the resonant capacitor C; is charged from B to
C, where B and C are the starting and ending points of state
I, respectively. According to the ampere second principle, the
voltage between B and C can be obtained as

to+tm i LN
Aven e = / ~Z
to OOr

dt )

where ir,n gradually decreases from the resonant inductor
current at B (ir,~x ) to 0. Taking the average of i, it can
be regarded that C, is charged by constant current iz, N B /2,

and fr17 can be written as

g = QAUC'rN,BCZOCr_ )
1LIN_B

Since B is the ending point of state I, the resonant inductor
current ir,n B iS equal to the magnetizing inductor current
irmn_ B at B. By assuming that the durations of #; to #; and
15 to t3 are the same as /4, Ly, is clamped at nV,n from #; to #5
for 5/4. According to the volt-second principle, ir,N B can be

calculated as

0.25t,

) . * nZoVoN TnVon

ILIN_B = {LmN_B = dt = 6)
- - /() Lm Qka

where k is equal to L,,/L,, i.e., the inductor ratio.

Because Ly, is far greater than L,, iz, n g is small compared
with the radius of the state I trajectory. Point B is thus located
close to B*, where B* is the intersection of state I and the x-axis,
as shown in Fig. 4(b). Therefore, the resonant capacitor voltage
difference between B and C (Avg,n Be) can be simplified as
that between point B* and C (Aveyn prc). As B*C is equal to
the center distance between states I and IV, Aveyn By can be
obtained as

AveN Bic = 2nVon — 1 —a. (7
By taking (6) and (7) into (5), ;17 can be derived as

4meN 1 +a
2— . 8
7T'Zo < TL‘/ON> ( )

In the state I, the resonant circuit runs from A to B, and 1 can
be given as

t =

=2 ©)

Wy
where 6 is the central angle of arc AB and can be calculated as

TLiN_B

f = arcsin (10)

LrN

where I7,, is the radius of state I trajectory, which can be further
written as

(In

where veoyn B« and vepN ¢ are the resonant capacitor voltage
at B* and C, respectively. The trajectory of state III can be
converted into the time domain as

Iten = v Bx — 1 +nVon = von ¢ +a — nVin

iL:N = LpN_nsin (\/%t + ¢0>

(12)
vern = —VEk 4+ U m COS(\/%t + o) +1

where Ip,N 111 is the normalized amplitude of the inductor
current in state III, and ¢y is the initial phase of state III.

Since B is the starting point of state III, and C is the ending
point of state IIL, i;,n B and vy ¢ can be rewritten as

- _ . _ tipwr
treN B = LN sin <7T m)

(13)
verN ¢ = —Vk + N mcosm + 1
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By taking (6), (8), (10), (11), and (13) into (9), #; can be given
as

. 1
t; = w—r arcsin N NS T (14)
Sin[ﬂ\/il“@f,i‘t&)] g

It should be noted that (14) is the modified expression of 71,
and its procedure is explained in Appendix.

By substituting (8) and (14) into (3), the peak gain trajectory
can be given as

1

—_— 15
2t1 + 2t (1)

f s_peak —

The peak gain trajectory is shown in Fig. 5, where Q =
(L,/C:)"IRy,, i.e., the quality factor, and Ry, is the equivalent
resistance of the load. The peak gain trajectory predicted by SPA
shows great accuracy, and the result obtained via FHA analysis
is far from the actual curve.

The impact of parameter errors in the resonant circuit on the
peak gain curve is shown in Fig. 6. It can be observed that when
there is a variation in L,,,, it affects the inductance ratio. A lower
value of L,, will result in the operating point of the peak gain
appearing at a higher switching frequency, and vice versa. As for
the error of resonant capacitor C,, only the resonant frequency
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Fig.7. Gain curve and TPM principle of FB and HB morphing LLC converter
designed according to the principle proposed in this article.

shifts, leading to the overall translation of the peak gain curve.
In the case of a change in L, changes, there is a simultaneous
alteration in both the inductance ratio and resonant frequency,
forming a certain level of compensation, and the peak gain curve
remains almost unchanged compared to the scenario without
parameter errors.

III. DESIGN OF TOPOLOGY MORPHING LLC CONVERTER

With the aforementioned peak voltage gain trajectory, the
existence of a stable operating point after TPM can be guaranteed
during the design process. In this section, a design procedure
for FB and HB TPM LLC converter is proposed. Before the
explanation of the detailed procedure, the TPM criterion and
the morphing principle need to be explained for the aim of easy
understanding.

A. Morphing Principle of the Proposed LLC Converter

Fig. 7 shows the gain curve of FB and HB morphing LLC
converter designed according to the principle proposed in this
article, where fx min is the nominal minimum switching fre-
quency of the LLC converter which is defined by the user based
on the compromise of power density, efficiency, and electromag-
netic interference performance. fN max 1S the nominal maximum
switching frequency and is slightly higher than the resonant
frequency to maintain high efficiency, which in this article is
1.1f;.

If the switching frequency reaches fx max in FB mode, the
converter will receive the morphing instructions. In the HB
mode, the converter will switch to FB mode if the gain is greater
than the threshold gain My, which is set to 1 to ensure successful
TPM to FB mode and allow margin in this article.

While it is possible to modify the threshold of the TPM in
LLC converters operating in FB mode to optimize efficiency
and allow them to operate in buck mode, this article primarily
focuses on the continuity of voltage gain in the FB/HB mode
due to space limitations. As a result, we only consider a specific
case where the voltage gain threshold from HB to FB is set to
1, and there is no need to consider the frequency constraint of
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the light-load buck mode. Therefore, the analysis in this article
solely focuses on the boost mode.

Since both the minimum switching frequency f; min and the
maximum resonant capacitor voltage stress Vo max 0Occur at the
operating point of maximum output power P, 1.« and maximum
voltage gain [25], it is only necessary to focus on the operating
point at P, 1.« and maximum voltage gain My, in FB modes.
For HB mode, the consideration is the same, whereas the maxi-
mum voltage gain M, is replaced with morphing voltage gain
threshold My,.

B. Design Procedure of Topology Morphing LLC Converter

A novel design process of FB and HB morphing LLC con-
verter is presented, whose flowchart is shown in Fig. 8. Each
step and its principle are described as follows.

Step I: After obtaining the design specification, the transformer
ratio of the converter is determined first. If there is a nominal
OUtPUt VOltage Vo,nom and Vo,nom/vin,nom <2V0,min/vin,ma)(7
the transformer ratio can be written as

Vo,nom
n=_—_—

(16)
‘/in,nom

Else, to cover the whole voltage gain range, the minimum

voltage gain operating point is set as the resonant point of HB

mode, and the transformer ratio is set as

2Vvo,min

n =
‘/in,max

7)

Step II: As mentioned before, it is only necessary for the
designed converter to be able to output sufficient voltage
gain (My,ax or Myy) and power (P, max) in both FB and HB
modes while satisfying the resonant capacitor voltage stress
(Ver,max) and switching frequency range (fs, min)-

1) Resonant Capacitor Voltage Stress: For the resonant ca-
pacitor, its voltage stress can be obtained as [2]

Lmy® (o )’
2n AL fs"

Vor = Vo = Vin + Ziy [ ( (18)

By taking the corresponding operating point into (18),
Vcr max in FB and HB modes can be, respectively, written as

VCr,rnaxﬁFB = Vo,max - V;n,rnin
2 2
Io,maxﬂ' nVo, max
+2@\/( on ) T\ T fe

I ™ 2 nV. 2
. o,max ©0,nom
VCr,max_HB - Vo,nom + Zr ( on ) + (4mes,min>

2) Peak Voltage Gain Curve: For LLC converter to achieve
the operating point of P, max and M.y within the switching
frequency range and to ensure successful TPM from FB to HB,
a sufficiently small inductor ratio k is required. It can be seen
in Fig. 3 that if & is too large, the desired operating point of the
certain gain may not be within the switching frequency range.
However, a too small k can cause a large reactive current and
thus lead to low efficiency.

To maintain high efficiency, the largest k is found by making
the peak gain trajectory meet the required voltage gain (M, in
FB mode and My, in HB mode) at f; iin, and thus the operating
point can be ensured to be within the switching frequency range.
That is to take the corresponding operation point into (3).

3) ZVS Criterion: Furthermore,ZVS needs to be guaranteed,
whose criterion is to finish the charging and discharging process
of the MOSFET drain—source capacitance Cqs within the dead
time 74. To ensure that the LLC converter can achieve ZVS, the
LLC converter needs to meet the following requirements [26]:

tq

Ly < ——.
]-6Odsfs

(20)
Combined with the definition of resonant frequency f;, the

resonant circuit parameters can be obtained by simultaneous
equations (3), (18), and (20).

Step III: Nevertheless, peak gain is independent of load con-
dition. The scenario that there is no certain operation point
under such load may occur as shown in Fig. 1(c). Therefore,
the output current /, of the peak gain at the minimum switch-
ing frequency needs to be verified whether it is larger than
the desired load. As I, is the average of the current in the
secondary side (iyec), I, can be written as

nVyt
Ly

2 t2 in
I, = — / ILrNV— sinwy (t — t1) dt. 21
ts t ZO

If 1, is greater than the desired load, this set of parameters can
be used. Otherwise, a higher V,, is defined and redo Step II.

In practice, as all the inductive operating points are on the
right side of the peak gain trajectory as shown in Fig. 5, the
LLC converter will not work exactly at the peak gain point if
the resonant circuit parameter is qualified. Therefore, a margin
of frequency is allowed.
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TABLE I
CONVERTER DESIGN SPECIFICATION
Items Designator Min Max
Input voltage Vi 120 V (Nominal)
Output voltage Vo 50V 200 V
Output power P, 300 W (Nominal)
Switching frequency fs 100 kHz -
Resonant frequency 1 150 kHz -
Resonant capacitor voltage Ve - 700 V
stress
Output current Iinax - 3A
TABLE II
CIRCUIT PARAMETER
Items Value
Transformer ratio n 12:10
Resonant inductor L, 14.3 uH
Magnetizing inductor L,, 40 uH
Resonant capacitor C; 85nF

¢ I HB mode
SN min
0.4 ()‘.6 ()i8 lI 1.[2 1.4
N
Fig. 9. Gain curve of the LLC converter with the TPM criterion of switching
frequency.

The specifications of the LLC resonant converter are listed in
Table I. The calculated component parameters of the illustrative
example are summarized in Table II.

IV. STATE PLANE-BASED TOPOLOGY MORPHING CONTROL

To avoid significant output voltage transients and ensure tight
regulation of output voltage during TPM, a novel SPTMC is
proposed in this article. Different from the previous feedforward-
based TPM control requiring a lookup table, the basic principle
of the SPTMC is via predicting the desired switching frequency
online after TPM and feedforwarding it to the linear controller.

In this section, the voltage gain in boost mode is discussed
through geometrically simplified SPA at first, because the oper-
ating point of LLC converter after TPM is always in boost mode.
Then, the detailed control strategy is described.

Fig. 9 shows the gain curve of the LLC converter with the TPM
criterion of switching frequency. For FB to HB TPM, when the
LLC converter reaches the maximum switching frequency limit
at OP; pp in FB mode, it will switch to HB mode. The voltage
gain at OP;_pp is prevented from being designed lower than 0.5
for the consideration of efficiency. Thus, to maintain the same
gain before and after TPM, the LLC converter will eventually

o I Itplp tc tpt

(b)

Fig. 10. (a) State plane of LLC converter in boost mode (x-axis: normalized
resonant capacitor voltage vcrN, y-axis: normalized resonant inductor current
irrN)- (b) Key waveform of LLC converter in boost mode.

work at OP; _yp, which is boost mode for HB mode. When the
LLC converter switches from HB to FB, to avoid an unstable
operating point in light-load FB buck mode after TPM, OP;_rp
(switched from OP; yp) also should be designed to work in
boost mode.

A. Boost Mode Voltage Gain Prediction of LLC Converter
With SPA

Thus, to ensure that the LLC converter can quickly find the
stable operating point after TPM to achieve a tight regulation of
the output voltage, it is important to analyze the operation state
and the desired switching frequency in boost mode.

To predict the desired switching frequency of the LLC con-
verter after TPM, steady-state SPA is performed, as shown in
Fig. 10. In boost mode, the LLC converter has four states (I, III,
IV, and VI), and the switching cycle can be written as

ty = tp + tm + by + tyr = 2t + 2. (22)

Because L, is far greater than L,, the resonant inductor
current iz, can be assumed constant during states III and VI as
shown in Fig. 10(b). Thus, i1~ is opposite at A and D, where A
and D are the ending and starting points of state I, respectively.
The duration of mode I (#;) can be obtained as ¢,/2.

It can be seen in Fig. 10(a) that P is the ending point of mode
[T if iz, is constant in mode III. AP is parallel to the x-axis and
thus can be considered as the change of v, during state II1. It
can be derived that AP is equal to O10-, where Oy and O, are
the centers of states I and IV trajectory. Thus, the normalized
resonant capacitor voltage between A and P (voyn_ap) can be
given as

VCIN_AP = AP = 01 02 = 2?1‘/;)1\1 —1—a. (23)

As the resonant inductor current i,y is considered constant
during state III, #1;; can be accounted as the time for C; to
be charged with 2nV,N-1-a by a constant current iz, N A. AS
a result, 7117 can be written as

2nVon —1—a

LLiN_A

t = Cy 24)
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Input current working condition: f5, Vin, Vo, Veer

I Calculate voltage gain: M = V3, / (nV,) lil Viet = Vo l

I
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Execute (28), A=0 Execute (28),
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Fig. 11.  Control block diagram of the proposed SPTMC.

where iz, _a is the resonant current at A. Since A is the begin-
ning of mode III, i, N A is equal to the magnetizing inductor
current i,,,n A at A. The magnetizing inductor voltage VN
is clamped at nV,n in mode I for #,/2, and —nV,x in mode IV
for another #,/2. According to the volt-second principle, iz, n A
is thus obtained as

, . 1 / 0 Vi dt = TN
7 =1 = — = .
LrN_A LmN_A 2 0 Lm 2%

By replacing V,, with V¢, f117 in boost mode can be given as

9 1+a)\ 2C.k
TL%N s '
Thus, the relationship between the voltage gain and the

switching frequency of the LLC converter under boost mode
can be written as follows:

fn=

(25)

VCIN_AP
ty = ——C, =
TLIN_A

(26)

=] =

27)

1+ (2— H%)55

nVon’ 2722,

B. Detailed Control Scheme

With the switching frequency expression as (27), a novel
SPTMC is proposed, whose control block diagram is shown
in Fig. 11. In the steady state, the converter is under PI con-
trol. When TPM instruction is performed, the target MODE is
determined by SPTMC and the desired switching frequency is
feedforward.

To be specific, in SPTMC, MODE in operation is judged
at first, and then the operation point is determined whether it
exceeds the mode limit. If it does, TPM is required. MODE is
toggled, and the feedforward frequency Af’is obtained. Else, Af
is set to 0. The feedforward frequency Afis the difference be-
tween the desired frequency after TPM and the current switching
frequency.

It should be noted that the mode limit is defined by the user.
Either switching frequency, gain, or hybrid limitation can be
selected. In the proposed design method, the criterion of HB
to FB morphing is that the gain is greater than 1. Obviously,
the desired frequency is the resonant frequency in this case. To
make the proposed control universal, the feedforward frequency

during HB to FB morphing with frequency criterion is also
presented.

Through (27), the feedforward values during TPM can be
written as

Afs = W — fN,ma,x(FB to HB)

"‘lfoN)fzw?ZD
Afs = T+(1- & ') E fN,min(HB to FB)

nVoN 772Z0

(28)

C. Simulation Results

Simulation has been conducted to validate the feasibility of
the proposed SPTMC and compare its performance with other
methods discussed in previous papers. The specifications in the
simulation are given in Table II, and the output capacitor C, is
15 pF. The topology used in the simulation is identical to that
shown in Fig. 1(a).

As shown in Fig. 12, the performance of the proposed SPTMC
is compared with PI control, the method presented in [19], and
SPTMC combined with OTC as described in [23]. The results re-
veal that under SPTMC, the output voltage overshoot is only 5%
of that observed under PI control when the converter switches
from HB to FB. Similarly, the overshoot is 10% when the
converter switches from FB to HB. While the method presented
in [19] shows lower overshoot (or undershoot) compared to
SPTMC, its transient time is 12 times slower than that achieved
by the proposed SPTMC method.

Due to the little energy stored in the resonant circuit, there
is minimal impact on the dynamic performance of the LLC
converter. As depicted in Fig. 12(e) and (f), both the settling
time and the overshoot (or undershoot) of the SPTMC are almost
the same as those achieved by combining OTC with SPTMC
(OTC+SPTMC), implying that the main optimization effect of
OTC, as presented in [23], relies on the feedforward mechanism
of the desired switching frequency after TPM.

The main improvement of OTC is its ability to suppress the
oscillation of the resonant circuit caused by TPM. It can be seen
in Fig. 12(g) and (h) that the voltage overshoot (or undershoot)
immediately after the TPM of OTC+SPTMC is significantly
lower compared to that observed with SPTMC, as an extra
(missing) conduction period is inserted through OTC.

Furthermore, through Fig. 12(e)—(h), it can be observed that
due to that the energy stored in the resonant circuit has little
impact on the output voltage, the LLC converters TPM using the
proposed SPTMC can be considered as momentarily switching
from one steady-state to another (of course, the operating point
after switching may deviate slightly from the ideal operating
point due to inaccurate feedforward). Therefore, the stability
analysis only needs to be conducted on the two steady-state
points before and after TPM. As long as the PI parameters are
sensible and the voltage gain is continuous, the system is certain
to be stable.

Fig. 13 shows the impact of resonant component tolerances on
SPTMC. It is evident that the deviated resonant parameter may
slightly degrade the performance. However, such a reduction in
performance is acceptable, as the output voltage overshoot (or
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Key waveform of TPM LLC converter switching between FB and HB modes under different controllers. PI controller only (a) from HB to FB and

(b) from FB to HB. Strategy in [19](c) from HB to FB and (d) from FB to HB. The proposed SPTMC with and without OTC (e) from HB to FB and (f) from FB
to HB. Enlarged view of the proposed SPTMC with and without OTC (g) from HB to FB and (h) from FB to HB.

undershoot) of the SPTMC with the deviated resonant parameter
remains below 20% of that achieved with PI control alone.

V. EXPERIMENT RESULTS

The prototype is shown in Fig. 14, whose topology is identical
to that in Fig. 1(a). The specifications of the prototype are given
in Table III.

A. Peak Gain Curve

As shown in Fig. 15, the peak gain trajectory predicted via
geometrically simplified SPA enjoys good accuracy with the
experiment results, when the quality factor Q is greater than 0.5.

B. Topology Morphing Dynamic Performance

Fig. 16 shows the key waveform of the TPM LLC con-
verter switching between FB and HB modes under different
controllers. It can be seen that if only the PI controller is
adopted, tremendous output voltage transient happens during
TPM, which can definitely damage the back-stage electrical
equipment. The undershoot and overshoot of output voltage
are improved with the controller in [19]. Yet, the morphing
procedure is very long.

Fortunately, with the proposed SPTMC, the LLC converter
can maintain tight regulation during TPM, and the transient
process is shortened to within 2 ms in both HB to FB and
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Fig. 13.  Key waveform of TPM LLC converter switching between FB and HB
modes with the proposed STMC under resonant component parameter offset.
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Fig. 14. Hardware prototype. (a) Bottom view of the power board. (b) Top
view of the assembled prototype with power board and control board.

FB to HB TPM. As shown in the enlarged view at the TPM
moment of SPTMC in Fig. 16, when TPM is performed, the
switching frequency suddenly steps to the desired value, which
is in conformity with the principle of SPTMC.

Fig. 17 shows the key waveform of the TPM LLC converter
under SPTMC during TPM due to the sudden change of input
voltage and reference output voltage. It can be seen that except
for the scenario that the LLC converter switches from HB to FB
because of the reference output voltage step up in Fig. 17(b),
there is almost no oscillation during the TPM. The reason why
output voltage overshoot during the reference output voltage
step-up is that the SPTMC suddenly change the switching fre-
quency to the desired value of the reference voltage rather than
the voltage at the TPM moment.

C. Prototype Efficiency

In Fig. 18, the efficiency of the LLC converter in HB and FB
modes is presented. It can be seen that the efficiency of the FB

TABLE III

PROTOTYPE SPECIFICATION

Items

Value

Switches Q;—Q4

DiOdC D1 —D4

Transformer T

Resonant inductor L,
Resonant capacitor C;
Output filter capacitor

UF3C065040K48S, 52 mQ @I,=40 A, T,=25°C
Snubber capacitor: 220 pF

Dead time: 200 ns

UF3C065040K4S (reverse diode only, without
synchronous rectification), 1.5V @ Iz=20 A,
T,=25°C

Turns ratio: n =12:10

Magnetizing inductor L,,: 40 uH

14.3 uH

7*15 nF in parallel, MLCC, COG

6*4.7uF in parallel, film capacitor

Co

MCU SPC58NNS4E7
25—
) 0-03
) 0 0=04
225F \ O 0=05
5 O 0=0.6
2|t 0 0-08
§175F %D
S . 9
1sh ™8
o
1.25F g 8 Q
Ik . . Iée
0.6 0.7 0.8 0.9 1
N
Fig. 15. Peak gain trajectory predicted via geometrically simplified SPA

(dashed line) and experimental results.

mode LLC converter rapidly drops with the decreasing reference
voltage in the buck mode. This is because of the incremental
turn-OFF loss of switches and the core loss of both the resonant
inductor and transformer due to the rising switching frequency.
When the output voltage is lower than 90 V, the efficiency of
HB mode is greater than that of FB mode. By switching to HB
mode, the efficiency of the LLC converter can be improved when
the output voltage is lower than 90 V. While the output voltage
is higher than 100 V, to maintain high efficiency, the converter
will switch to FB mode.

From the perspective of voltage gain, TPM LLC also enjoys
advantages against the traditional FB LLC, as shown in Fig. 18.
When the output voltage is 77 V and the switching frequency
of FB mode reaches 250 kHz (1.7 times of f,.). However, further
increasing the switching frequency may reduce the reliability
of the converter. By switching to HB mode, the lower output
voltage limit can be easily extended to 50 V.

With the proposed design procedure, the existence of a stable
operating point after TPM from FB to HB is guaranteed. In HB
mode, the output voltage at fx min (0.6f; = 90 kHz) is 110 V,
which is higher than the threshold voltage gain My, and thus
the stability of the LLC converter during TPM is ensured.

The power-versus-efficiency curves of FB and HB LLC con-
verter with different voltages near the potential TPM region are
depicted in Fig. 19. It can be seen that at the FB mode resonance
point (100 V), the efficiency of the FB mode is consistently
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Fig. 16. Key waveform of TPM LLC converter switching between FB and HB mode under different controllers, where the blue region refers to the transient

process. HB to FB with (a) PI controller only, (b) SPTMC, (c) strategy in [19], and (d) enlarged view of SPTMC. FB to HB with (a) PI controller only,

(b) SPTMC, (c) strategy in [19], and (d) enlarged view of SPTMC.

TABLE IV
COMPARISONS OF DIFFERENT SMOOTH TPM CONTROL FOR LLC CONVERTER

Items

OTC [22] OTC [23]

Reference [15]

Reference [19] Proposed SPTMC

Dynamic performance

Modulation or control mode

morphing
Cycle-by-cycle control
Lookup table

Existence of a stable operating

point after TPM
Voltage gain range

FB-HB: 5 cycles
HB-FB: 3 cycles
OTC during TPM

FB-HB: 100 cycles
HB-FB: 200 cycles
OTC during TPM

Needed Needed
Not needed Needed
Guaranteed Not guaranteed

Resonant point only ~ 1-4

FB-HB: 100 cycles
HB-FB: 200 cycles
Not needed

Not needed
Collected
experiment
Guaranteed during
experiment

1-3

though

More than 2000 cycles
for both situations

FB-HB: 100 cycles
HB-FB: 200 cycles

PWM during TPM Not needed
Not needed Not needed
Not needed Not needed

Not guaranteed Guaranteed during
design procedure

1-4 1-4

Different smooth TPM control for LLC converter are listed

higher than that of the HB mode. However, when operating in
FB buck mode, the FB mode LLC converter tends to exhibit
lower efficiency compared to the HB mode under light load
conditions. When the output voltage is set to 80 V, only the full
load point falls within the switching frequency limit.

in Table IV. To sum up, the proposed SPTMC features guar-
anteed stable operating points after TPM and a wide volt-
age gain range of 1-4 while maintaining a fast dynamic
performance. Meanwhile, neither extra modulation, control
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Fig. 19. Power-versus-efficiency curves of FB and HB LLC converter with

different voltages near the potential TPM region, when the input voltage is
120 V.

mode morphing (except the modulation switching of the mor-
phing leg due to the TPM), cycle-by-cycle control nor a
lookup table is required in the SPTMC control, which en-
hances the control stability and reduces the MCU performance
requirements.

VI. CONCLUSION

In this article, a novel design procedure together with a
corresponding seamless topology morphing control has been
proposed for FB and HB morphing LLC converters. The
peak voltage gain trajectory of the LLC converter is pre-
dicted via geometrically simplified SPA to help the design
process and enhance the system’s stability. The expression
is given and the predicted result shows good accuracy with
both the simulation and experimental results. The seamless
topology morphing control involves forecasting the desired
frequency after topology switching and incorporating it into
the conventional linear controller through feedforward control.
The implementation is simple and suitable for low-cost MCU
applications.

A prototype is built, and the experimental results are presented
to validate the feasibility of the proposed design procedure
and control scheme. The results demonstrate that the existence
of a stable operating point after TPM is guaranteed, leading
to improved dynamic performance during topology switching.
Moreover, the steady-state characteristics reveal a widened volt-
age gain range of 1-4 for the LLC converter and improved
efficiency in low-gain situations.
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APPENDIX

According to the derivation, the true expression of #; should
be

. 1
tr = o arcsin NizsT e 1)2ka . (29
e D

Equation (14) is the result obtained by mistakenly writing the
end Vi, as V,, during the first time derivation. However, as shown
in Fig. 20, when k is between 2 and 7, the maximum gain curve
predicted by (14) enjoys better accuracy with the simulation
results than (29). Therefore, (14), which is modified from (29),
can more accurately reflect the maximum gain trajectory of the
LLC converter and is chosen as the expression of 71 in this article.
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