& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 13 June 2022
doi: 10.3389/fenrg.2022.870760

OPEN ACCESS

Edited by:
Yongheng Yang,
Zhejiang University, China

Reviewed by:

Qi Zhang,

Xi’an University of Technology, China
Tohid Rahimi,

Carleton University, Canada

*Correspondence:
Yang Liu
yangliu30@hust.edu.cn

Specialty section:

This article was submitted to Smart
Grids,

a section of the journal Frontiers in
Energy Research

Received: 07 February 2022
Accepted: 18 May 2022
Published: 13 June 2022

Citation:

Wang W, Liu Y, Zhao J, Yin Q, Lv Q
and Zhang P (2022) Output Current
Ripple and Efficiency Optimal Control
Method for Multi-Phase Interleaved
LLC Resonant Converter.

Front. Energy Res. 10:870760.

doi: 10.3389/fenrg.2022.870760

®

Check for
updates
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Resonant Converter

Weikang Wang, Yang Liu*, Jin Zhao, Quan Yin, Qiaoqgiang Lv and Peng Zhang

The School of Artificial Intelligence and Automation, Huazhong University of Science and Technology, Wuhan, China

The interleaving technique is required for LLC resonant converters to achieve high power
levels, handle higher input/output currents, and reduce output current ripple. However,
the high system efficiency and the low output current ripple for the multi-phase LLC
resonant converter cannot be achieved at the same time at low and medium power
levels. Most methods try to keep the multi-phase LLC resonant converter in load-sharing
mode regardless of the power level, which will result in low system efficiency at low
and medium power levels. In this paper, an output current ripple and efficiency optimal
control method with finite load distribution schemes is proposed for the multi-phase LLC
resonant converter to balance the efficiency and output current ripple. The optimal control
method improves the efficiency as much as possible while keeping output current ripple
low. According to the calculation of output current ripple and efficiency, the optimal load
distribution scheme is selected. The pulse-frequency modulation (PFM) and phase-shift
modulation (PSM) hybrid control is applied to regulate the load of each phase. An analysis
is provided, and a 540-W three-phase interleaved LLC resonant converter is built to verify
the superiority.

Keywords: interleaved, LLC resonant converter, output current ripple, efficiency, PFM and PSM hybrid control,
finite load distribution schemes

1 INTRODUCTION

Nowadays, with the application and promotion of the third generation wide-bandgap
semiconductors such as gallium nitride (GaN) and silicon carbide (SiC), the switching
frequency of switching power supplies has risen sharply, promoting the miniaturization and
power density of switching power supplies. With advantages of simple structure, zero-voltage
switching (ZVS) for MOSFETs, zero-current switching (ZCS) for diodes, low electromagnetic
interference (EMI), and high conversion efficiency Lietal. (2020); Park and Jung (2017);
Yang et al. (2020); Glitz and Ordonez (2020); Shah et al. (2021); Ta et al. (2020); Menke et al. (2020),
LLC resonant converter is suitable for the third generation wide-bandgap semiconductors
and widen employed in recent years. However, to achieve ZVS for MOSFETs and ZCS
for diodes, LLC resonant converter is operated under the discontinuous-conduction mode
(DCM) Liuetal. (2017). In this mode, the ripple of output current is large, which means
the capacitance of the output filter capacitor has to be large, and the capacitor faces the
reliability challenge. Moreover, the power capacity of the LLC resonant converter is limited. The
interleaving technique is usually used on the LLC resonant converter to solve these problems.
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Many approaches have been suggested to make multi-
phase interleaved LLC resonant converter work together more
efficiently and reliably. Researchers mostly prefer the load-
sharing method. In Murata and Kurokawa (2016), an interleaved
structure of LLC resonant converters without any auxiliary
circuit is proposed. The influence of the parameter mismatch
is compensated, and the load of each phase is balanced by
the effective duty ratio control using PSM. To make the
converter suitable for a wide voltage range, the LLC converter
in Rehlaender et al. (2020) is operated in full-bridge mode
for large gains and in half-bridge mode for low gains. PSM
is utilized to balance the output currents during full-bridge
mode while asymmetrical duty-cycle mode is proposed for
current balancing during half-bridge mode. The converter
proposed in Xue et al. (2021) with paralleled half-bridges LLC,
the transformers’ secondary sides in reverse series, and shared full
bridge rectifier can achieve load sharing by PSM. PSM is utilized
in Murata and Kurokawa (2016); Rehlaender et al. (2020);
Xue et al. (2021), but the purpose is different. PSM in Murata
and Kurokawa (2016) is for balance the output current, while
PSM not only regulates the voltage gain but also balances
the output current Rehlaender et al. (2020). The PSM control
object in Xue etal. (2021) is no longer the different legs in a
phase, but two different phases. In Hu et al. (2014b), a switch-
controlled capacitor (SCC) is used to control the output voltage by
controlling the equivalent resonant capacitance of each LLC stage
to balance the output current of each phase, and the converter is
operated at a constant switching frequency. In Hu et al. (2014a),
a new control strategy with variable switching frequency is
proposed for multi-phase LLC resonant converter with SCC. The
structure in Sun et al. (2019) using a hybrid rectifier to achieve
good load-sharing performance. There are also some passive
solutions applied to achieve the same goal. An interleaving
LLC resonant converter with a flying capacitor is proposed in
Kirshenboim and Peretz (2017). The flying capacitor balances
the current distribution between the phases automatically. The
common capacitors Wang et al. (2018) or common inductors
Wang et al. (2017) are also applied for impedance matching of
the phases. Researchers above-mentioned have done much work
in the field of multi-phase interleaved LLC resonant converter.
They choose the load-sharing method to average the load of
each phase. However, the efficiency of LLC resonant converter
become low at light load condition, and fully ZVS of MOSFETs
is hard to achieve Wen et al. (2020). What is worse, the output
voltage cannot be regulated at very light load conditions, although
the switching frequency is widely changed Kim etal. (2011).
Therefore, if the load-sharing method is applied to multi-phase
interleaved LLC resonant converter at light load condition, the
system efficiency will be severely affected. Arshadi et al. (2017);
Chiba et al. (2020); Arshadi et al. (2021) try to utilize phase
shedding to improve the light load performance of three-phase
LLC resonant converters. However, because their three-phase
structure is not independent, whose three-phase transformer is
Y-type connected, their method cannot be directly applied to
the multi-phase LLC resonant converter. They turn off one or
two phases at light load and turn the converter into a single-
phase full-bridge or half-bridge LLC resonant converter to

improve the efficiency at light load. Compared with the phase
shedding solutions in Arshadi et al. (2017); Chiba et al. (2020);
Arshadi et al. (2021), the proposed method comprehensively
analyzes the output current ripple and efficiency and selects
the optimal distribution scheme according to actual needs,
which is more flexible and can achieve multi-objective control.
Furthermore, the proposed method can be easily applied
to interleaved LLC resonant converters with different phase
numbers.

In this paper, a new control method based on optimizing
efficiency and output current ripple is proposed. The proposed
control method is based on the output current ripple model and
system efficiency model, which require output current waveforms
and estimated loss model of components. The output current
ripple and system efficiency of each load distribution scheme
are calculated, and the optimal scheme is selected to apply to
the converter. The control method is dedicated to improving
efficiency while keeping output current ripple low, especially
at low and medium power levels, since the two objectives
cannot be both achieved at low and medium power levels.
Finally, the proposed control method is applied on a three-
phase interleaved LLC resonant converter, and the advantages are
verified.

Section 2 discusses the operation principles of the LLC
resonant converter and illustrates the output current waveform
expression. In Section 3, the estimated loss model of each
component is built, and the relationship between output
current and efficiency is derived. Section4 explains the
details of the proposed control method. Experimental results
are provided in Section 5. Finally, a conclusion is given in
Section 6.

2 OUTPUT CURRENT RIPPLE ANALYSIS
OF LLC RESONANT CONVERTER

2.1 Operation Principles and Output
Current Ripple Analysis Under PFM
Control

The studied multi-phase interleaved LLC resonant converter
consists of N parallel converters shown in Figure 1A with
only one output filter capacitor C,. The single-phase LLC
resonant converter is powered by a DC power supply V,,.
The full-bridge circuit consists of switching transistors S,-S,
and freewheeling diodes D,-D,. The resonant tank consists
of a resonant inductor L, a resonant capacitor C,, and a
magnetizing inductor L,. The uncontrolled rectifier on the
secondary side consists of diodes D,-Dg. The output capacitor
C, filters the rectified current and outputs it to the load R,. The
converter is operated to regulate the output voltage V, using
PFM.

Since the ratio of the higher harmonic current of the resonant
current to the fundamental harmonic current is very low,
the most commonly used analysis method is the fundamental
harmonic analysis (FHA) Liuetal. (2017); Sun etal. (2014).
Using FHA to analyze the LLC resonant converter, it can be
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FIGURE 1 | (A) Structure of single-phase LLC resonant converter, and (B) input-output voltage gain curve of LLC resonant converter.

derived that the conversion gain is expressed as follows:
hw?
IM (jo,) | = 1)
V- @ (1 +h)] + Q@ (1-w2)?

L
h= 2 fy = fo s —— @
r 2m4/L,C, 27(L,+L,)C,
w, w, L, 8N?
wrl = znf;l’wn = w_l’Q = Rl ’Req = 7Ru (3)
r eq

where f,, and f, are the series-resonance frequency and parallel-
resonance frequency respectively, L, is the resonant inductance,
C, is the resonant capacitance, L,, is the magnetizing inductance,
w, is the angular velocity of switching frequency f,, Q is the quality
factor of the resonant tank, R,, is the resistive load of the resonant
network at the FHA model.

Based on Eq. 1, a typical conversion voltage gain M versus
switching frequency f, curve is shown as Figure 1B. This
conversion gain curve is divided into three regions by f, and f,,.
To achieve ZVS for MOSFETs and ZCS for diodes, LLC resonant
converter is operated in the region f, <f <f, Liuetal. (2017).
Therefore, the theoretical operating waveforms in this case are
analysed with the assumption that the capacitance of the output
filter capacitor C, is large enough so that the output voltage V,
remains constant during a switching period.

Theoretical operating waveforms are shown in Figure 2,
which are divided into six stages in a switching period. Stages 1-3
are derived from the operation of the switches S, and S,, while
Stages 4-6 are related to the operation of the switches S, and ;.
Stage 1 and Stage 4 show resonance with L, and C,. Stage 2 and
Stage 5 show resonance with L, L,, and C,. Stage 3 and Stage 6
represent dead-time durations.

Stage 1 [t, <t <t]: Since resonant current i, is lower than
0 before t=t, it flows through diodes D, and D,, which
makes the drain-source voltage V, of MOSFETs S, and S,
clamped at -V, where Vp, is the forward conduction voltage
drop of the freewheeling diode. Therefore, ZVS for MOSFETs

S, and S, is achieved at t=1¢, During this stage, electric
power is transferred from the primary side to the secondary
side through the transformer. On the secondary side, Ds is
forward biased and Dy is reversely biased. The voltage across the
transformer secondary side is clamped at the output voltage V,
so the voltage across the magnetizing inductor L, remains NV,.
Magnetizing current i, increases linearly with the slope rate of
NV,/L,. Resonant current i, flows through MOSFETs S, and S,,
fluctuating in sinusoidal form. Therefore, the resonant current
i,(t), the resonant capacitors voltage V(f), the magnetizing
current i, (t), and the secondary current i,(f) can be given as
follows:

i,(t)=Cw, (V,, -V,

vimi — NV,)sin(w,,t) + I, ;,,cos (0, 1) (4)

1,ini
Vcr (t) = Vin - NVD - (Vin - NVD - Vl,ini) Cos (wrlt)
I ini 5
+ 1;sin(a)rlt) )
Crwrl

FIGURE 2 | Theoretical operating waveforms of LLC resonant converter
under PFM control.

Frontiers in Energy Research | www.frontiersin.org

June 2022 | Volume 10 | Article 870760


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Wang et al.

Optimal Control Method for LLC

, NVt
lm(t) = L_ +Il,im’ (6)

iy (1) =N[i,(£) =i, ()] (7)

where I, and V|, is the initial value of resonant current i, and

resonant capacitor voltage V_, at t = .

Stage 2 [t, <t<t)]: At t=t,, i(t) and i,(f) become equal,
while the energy transmission between the primary side and the
secondary side is terminated. Diode current i, drops to zero in
a short time, so ZCS for Dy and Dj is achieved. Magnetizing
inductance L,, participates in the resonance between L, and C,.
Due to L,, is much larger than L,, resonance angular velocity w,,
in Stage 2 is much less than w,, in Stage 1. Therefore, i,, and i,
are approximately unchanged at this time. The resonant capacitor
is charged by the approximately constant current and V, rises
approximately linearly. Therefore, the resonant current i (¢), the
resonant capacitors voltage V_,(¢), the magnetizing current i,,(¢),
and the secondary current i (t) can be derived as follows:

Cr .
L +L (Vin - VZ,ini) sinfw,, (t - 1,)] (8)

cos[w,, (t—t,)]

i, () =i, (t) =

+1

2,ini

Vcr (t) :Vin + (Vl,ini - Vin)COS [wrZ (t - tl)]

L +L 9

+ %Iz’misin [w,, (t=1)]
1
W, =27f,, = —— (10)
(Lr + Lm) CT
is(t)=N[i (t)-i, ()] =0 (11)
where I, ,; and V, , ; is the initial value of resonant current i, and

resonant capacitor voltage V_, at t = t,. Due to the waveforms of
i,, i,, and V, are symmetrical, it can be derived as follows:

NV,T,
Ly ==Ly =~ 4L

m

(12)

where T, is the resonance period of L, and C, (T, = 1/f,).

Stage3[t, < t < t;]: Att =t,, MOSFETs S, and S, are turned off.
The current of resonant tank i, cannot drop to zero immediately
because of the inductance. So D, and D, start freewheeling. There
is still no energy transmission from the primary side to the
secondary side, so i, and i,, remain equal. The conducting of D,
and D; making S, and S, clamped, ready to be turned on with
ZVS.

Stage 4-6 [ty <t < t;]: During these stages, MOSFETs S, -
S, respectively perform the opposite operation of Stage I1-3.
Resonant current i, magnetizing current i, and resonant
capacitor voltage V, are equal to those in Stage I-3, but in
opposite directions. Diode current i, repeats the change during
Stage 1-3 of i.

Through the above analysis about steady-state operating
process, it can be seen that during the Stage 4-6, energy
transmission only happens in the Stage 1 and Stage 4. The average
value of the rectifier output current i, in a cycle T, (T, = 1/f)) is
equal to I ,, which can be expressed as

oa’

tl tl TSIDIZ
/ iu(t)dt:/ N[i, (t) =i, ()] dt = == (13)
to f 2

when the wanted output current I, of LLC resonant converter is
determined. V| ,; in Eq. 4 can be derived based on Eq. 13, which
is as follows:

WL, T, +m° N>V,
Vi = Vin =NV, = 2 (14)
’ 4Nw;, L, C,
I ;,;and V, ;. are derived based on Eq. 12 and Eq. 13, then the

ripple of i, under steady state can be derived.

2.2 Operation Principles and Output
Current Ripple Analysis Under PFM and

PSM Hybrid Control

When phase-shift modulation (PSM) control is applied to
LLC resonant converters with PFM control together, output
characteristics of LLC resonant converter will be changed.
According to FHA, the fundamental components of the V,,
is related to the effective duty cycle D = tT—”’ * 100%, where f,
is the effective time duration of the duty cycle Park and
Jung (2017). Define the phase-shift time as #,, then t, + 1, = %
In Figure 3, t, = t; - t, and t, = t, — {,. Using the Fourier series,
the fundamental component of the V,, can be obtained as

Vipr = Vi,sin(Dm) (15)

i

According to Eq. 1 and Eq. 15, voltage gain ratio using PFM
and PSM hybrid control can be modified as

M M (jw,)sin (Dr) (16)

mod =

Las

Las

Iy Lttty t

FIGURE 3 | Theoretical operating waveforms of LLC resonant converter
under PFM and PSM hubrid control.
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Using Eq. 16, voltage gain of LLC resonant converter can be
modified. Meanwhile, PSM have some change on the operation
principles and waveforms. The theoretical operating waveforms
under PFM and PSM hybrid control can be divided into eight
stages in a switching period.

Stage I [t, < t < t;]: Due to the phase shift, S, has been turned
on and S, is turned on at t=t,. The converter is operated in
the same way as Stage I under PFM control. Therefore, resonant
current i,(f) and magnetizing current i, (t) are similar to those
under PFM control, which are derived as follows:

i.(t) = Cw,, (V= Vi — NV, ) sin(w, ) + I ;,.c08 (w,,t)  (17)
, NVt
i, (t)= + L, (18)

where I, is the initial value of resonant current i,, not equal to
I, ;,»and V. is the initial value of resonant capacitor voltage V..

Stage 2 [t, <t < t,]: Att =1, S, is turned off. This is the dead-
time duration. Due to ¢, < T,/2, energy transmission has not been
terminated and i7,(t) is larger than i, (¢), which means the voltage
across the transformer secondary side is still clamped at the
output voltage V,. The resonant inductor transfers energy to the
power supply and load until i,,() = i (¢). Thus, i,,(t) remains rises
linearly and i,(f) drops quickly. It is a very short period, so it is
ignored to simplify the calculation. Assuming 7,(t) becomes equal
to i,,(t) as soon as S, is turned off at t = £,, energy transmission is
also terminated.

Stage 3 [t, < t < t,]: Since in Stage 2, energy transmission has
been terminated, and i (f) becomes equal to i,,(f). Magnetizing
inductance L,, participates in the resonance between L, and C.,.
Magnetizing current i,, and resonant current i, are approximately
unchanged at this time. Meanwhile, i ,; becomes zero. Due to the
waveforms of i, i,, and V_, are symmetrical, it can be obtained as
follows:

. . C .
i (8) = i (1) = =Vigjui\ Lm—lLrsm [y (t = t)] + Iy jricos [wy (= 1))]

(19)
L,+L
V(1) = %I‘m,-sin [w, (t=t)] + V,,co8[w, (t—t)]
(20)
where I, ,, and V, ,  is the initial value of resonant current i, and

resonant capacitor voltage V_, at t = t,. Due to the waveforms of
i,, i, and V, are symmetrical, it can be derived as follows:

NVa (tl B to)

I3,ini = _14,ini =—i, () = _T (21)

m

Stage 4 [t, < t < t,]: Stage 4 is the dead-time duration. S, is
turned off at ¢ = ¢,. The operating condition is the same as Stage
2.

Stage 5-8 [t, < t<tg]: During these stages, MOSFETs S, -
S, respectively perform the opposite operation of Stage 1-4.
Resonant current i, magnetizing current i, and resonant
capacitor voltage V. are equal to those in Stage 1-4, but in
opposite directions. Diode current i, repeats the change during
Stage 1-4 of i.

Through the above analysis of the operating process under
PEM and PSM hybrid control, a conclusion that energy
transmission only happens in Stage 1 and Stage 5 can be made
by assuming i.(f) drops to i,(t) quickly at =t in Stage 2.
Thus Eq. 13 still holds and V;,,; can be derived. As long as the
waveform of i (t) is determined, the output current ripple can be
calculated easily.

3 ESTIMATED LOSS ANALYSIS OF LLC
RESONANT CONVERTER

3.1 MOSFETs Loss Analysis and Formula
The loss caused by MOSFETs can be divide into switching
loss, on-state loss, and dead-time loss. The switching loss
constitutes a significant portion of the power loss in the
semiconductor devices Kindl et al. (2015); Hruska et al. (2014);
Sojka et al. (2019), which can be further divided into turn-on loss
and turn-off loss.

Considering the fact that the on-state resistance R, of GaN
HEMTs is extremely low, only a few tens of milliohms, the on-
state loss accounts for a small proportion of MOSFETs loss. The
on-state loss W of PFM control and hybrid control can be
derived as follows:

Wep = /f;ZR(m [i, (1)) dt

Wer = /'Ry li, (1)) dt (22)

During dead-time duration, current i, flows through GaN
HEMTS' intrinsic diodes. Unlike silicon MOSFETs, the forward
conduction voltage drop of GaN HEMTS’ intrinsic diodes is much
larger. Moreover, long-term use of intrinsic diode freewheeling
may cause stability risks Sorensen et al. (2015). Therefore, anti-
parallel Schottky diodes are often used for GaN HEMTs to reduce
primary-side freewheeling diode loss during the dead-time
duration. No matter GaN HEMTS’ intrinsic diode or Schottky
diodes, the reverse recovery current is zero or very small. The
reverse recovery loss can also be ignored. Thus, the dead-time
loss is able to be expressed as a freewheeling loss. According to
Figure 2 and Figure 3, the dead-time duration of PFM control
and hybrid control begins at ¢, and t,, respectively. The dead-time
loss of two stages is expressed as Eq. 23, where V, is the forward
conduction voltage drop of the freewheeling diode.

NVDVFI (tl — to) (t3 — tz)
2L,

NVoVFl (tl — to) (t3 — tl)
2L

m

Wpr = /t? Vi, (£) dt = 23)

Wpr = /[? Vi, (t)dt =

Figure 4 shows the approximated waveforms of the drain-
source voltage V, and current i, under hard switching. The
turn-on loss and turn-off loss can be derived as follows:

t1(om)

Wiy = / a0y () dt (24)
to(on)
bio)

Wo z/ v, ()i, (t)dt (25)
Lotof)
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FIGURE 4 | Switching loss of MOSFETs under hard switching.

where t;,, and t,,, are the turning-on delay time and
turning-off delay time respectively. Generally, manufacturers and
developers provide these parameters.

However, according to the analysis of operation principles
in Section 2, the current flows through the freewheeling diode
before the MOSFET is turned on. The voltage drop on the
MOSFET maintains -V, during the turning-on delay time. Thus,
the turn-on loss under ZVS can be obtained as Eq. 26.

NVOVFI (tl - tO) td(on)

= 2
» " (26)

WTon = VFl * |lr (t0)| * td(

By collecting Eqs 22, 23, 25, 26, the overall power loss for
the MOSFETs by multiplying the energies by the switching
frequency:

Pyos = (WCT + Wpp + Wy, + WToﬂ)fs (27)

3.2 Parasitic Resistance Loss Analysis and

Formula

To make the efficiency model more accurate, the influence of
parasitic resistance cannot be ignored. For this purpose, ANSYS
Q3D Extractor is a proper choice. Using ANSYS Q3D Extractor
to analyze the PCB structure, the Q3D model in Figure 5 can
be obtained. Based on the Q3D model, the parasitic resistance
can be analyzed, especially the one in the resonant tank R, and
in the rectifier circuit R,.. Therefore, the loss caused by parasitic
resistance can be obtained as Eq. 28.

PP = </T5Rﬂ [ir(t)]2+ch [ld(t)]Zdt>f; (28)
0

3.3 Magnetic Component Loss Analysis

and Formula

The magnetic components of the LLC resonant converter consist
of resonant inductor and transformer. They make up a large
part of volume and weight. To improve the power density,
sometimes the leakage inductance of transformer is used for
resonant inductance and an individual resonant inductor is not
needed. Core loss of magnetic components comprises hysteresis
and eddy current losses. They are expressed in terms of geometry,

FIGURE 5 | Q3D model of the PCB structure.

material, winding and excitation parameters. The classical core
loss can be calculated by

P, = C, Cyf *Bh D41 29)

where D is the effective duty cycle. Also, C,,, C;, «, and 8 are
constants provided by the manufacturer.

In addition, the winging losses of the magnetic components
are also taken into account. Due to the flowing high-frequency
current, the current density in the winding changes, so the
impedance becomes larger, and the skin effect cannot be ignored.
The skin depth A can be obtained as

1
A= 30
— (30)

where y is the magnetic permeability, and ¢ is electrical
conductance. It is worth mentioning that the parasitic resistance
of the wires on the PCB should also consider the skin effect.

3.4 Rectifier Diode Loss Analysis and

Formula

In case of high output current, the effect of rectifier diodes
becomes significant. Schottky diodes are usually applied in high
switching frequency converter for its low forward conduction
voltage drop, low reverse current leakage and almost no reverse
recovery charge. The reverse recovery time of the Schottky diode
is short, and the reverse recovery charge is small. Therefore, the
loss of the reverse recovery is very small. In addition, the LLC
converter can achieve ZCS on the rectifier diodes, which further
reduces the reverse recovery loss of the diodes. Therefore, the
reverse recovery loss is ignored and the loss of rectifier diodes is
mainly the forward conduction loss. Each rectifier diode works
half the time in a cycle and the forward conduction loss of a
rectifier diode can be expressed as

T;
Pyp = / Vieyi, (1) dt (31)
0

where Vg, is the forward conduction voltage drop
of the rectifier diode and i, is the forward current.
Usually, the forward conduction voltage drop V., is
not a constant, but positively related to forward current
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i;. Hence, the conduction loss can be more accurately

expressed as
Pyp = /
0

4 OUTPUT CURRENT RIPPLE AND
EFFICIENCY OPTIMAL CONTROL
METHOD WITH FINITE LOAD
DISTRIBUTION SCHEMES

T,

s

Vi, (iy) * i, (t) dt (32)

The system block diagram of the three-phase interleaved LLC
resonant converter is shownin Figure 6. To decrease the output

current ripple, when the number N of operated phases is more
than 1, the phase difference between each phase is =. In this case,
the more N is, the smaller the output current ripple is. Also, the
more even the load distribution is, the smaller the output current
ripple is. Therefore, keeping all phases operated with average load
distribution is a common strategy. However, this ripple-oriented
strategy often sacrifices efficiency under light load conditions. To
balance the system efficiency and output current ripple of the
multi-phase interleaved LLC resonant converter, the proposed
control method calculates the output current ripple and system
efficiency on different load distribution schemes dynamically,
providing an optimal load distribution scheme based on the
analysis of Section 2 and Section 3. The PFM and PSM hybrid
control is applied on each phase to regulate the output voltage
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FIGURE 6 | Three-phase interleaved LLC resonant converter with a feedback controller.
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and current according to the optimal load distribution scheme,
balancing output current ripple and system efficiency.

PEM control is widely applied in LLC resonant converter
to regulate the output voltage. According to Eq.1, in the
operation region, the longer the switching period T, is, the larger
voltage gain is. To ensure that the phase difference is stable
between the phases in each control cycle, the switching period
T, of each phase remains the same. PSM control is applied to
adjust the characteristics of each phase by regulating the duty
ratio Murata and Kurokawa (2016); Rehlaender et al. (2020);
Yuen et al. (2018). The adjustment of output gain characteristics
eventually brings about the adjustment of each phase load, which
provides a theoretical basis for load distribution. In addition,
although there may be a parameter mismatch between the
different phases in practical, the PSM can compensate for the
impact.

In Figure 6, the output voltage V, and output current of
each phase I, (n=1,2,3) are detected. V, is scaled-down and
measured by the analog-to-digital converter (ADC) of the digital
signal processor (DSP). The measured V, is compared with
the reference voltage V., and the difference is sent into a
single-loop PI controller to regulate the switching period T..
Because I, changes at a very high frequency, I, is filtered into
I, and transformed into a voltage signal. The three filtered
voltage signals are measured by ADC, used for load sensing and
distribution. Through a single-loop PI controller, the phase shift
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FIGURE 7 | The proposed current ripple and efficiency optimal control
method.

for each phase is calculated. With the same switching period and
different phase shifts, load distribution can be achieved.

Figure 7 shows the control flowchart of the proposed optimal
control method, including the optimal load distribution scheme
selection algorithm emphasized with the dotted red rectangle
in the figure. The converter starts with a soft start, while PFM
and PSM hybrid control is applied to regulate the voltage and
balance the load of each phase Murata and Kurokawa (2016).
During this period, load sensing is to balance the current of
each phase and determine whether the load is stable. After the
load has stabilized, DSP begins to calculate the efficiency and
output current ripple of nos load distribution schemes (nos is
the number of the schemes). For the phase with the heaviest
load and the largest output current, the parameters such as the
equivalent load, circuit parameters, voltage gain ratio M, etc., are
substituted into Eq. 1, and the theoretical switching frequency
/. can be obtained. The heaviest phase is operated without PSM,
which means D = 50%. By substituting the parameters including
the theoretical switching frequency f," into Eq. 16, the theoretical
effective duty cycle D* of the other two phases can be obtained.
With £ and D= of three phases, the output current ripple and
efficiency of the i — th scheme (1 < i < nos) can be calculated. This
process continues until i = nos. Through the cost function, the
least costly scheme is selected. Then the cost of the newly selected
scheme is compared with the cost of the old scheme. Once the cost
difference between the old and new schemes exceeds a certain
threshold, the new scheme will be adopted, otherwise the old
scheme will continue to be used. If the load fluctuation is not
significant, the converter will maintain the load distribution state,
and the DSP will periodically search for the least costly scheme
under the real-time load. If the load fluctuation exceeds the set
range in the load distribution state, the converter will return to
the load-sharing state and wait for the load to stabilize again. It is
worth noting that f* and D= are only used to calculate efficiency
and output current ripple, and the practical f, and D come from
the PI controller.

W =N\r"+\e" (33)

The cost function is usually expressed as Eq. 33, where A, is
the weight coeflicient of the n — th term, r=* is the effective value
of the ripple, and ex is the ratio of power loss to output power
P,. The weight coefficient A, determines the focus of the scheme
selection. By selecting suitable A, the preferred control result can

be obtained.
(i (t) -1 ) dt
:\]/ (o0 - La)dt, ”
0 Ts

e" = (Pyos + Pey + Prpy + Pg) [P, (35)

It is worth noting that, in order to reduce the amount of
calculation, many complex calculations such as output current
ripple can be obtained by looking up the table after offline
calculation. However, the calculation including the cost function
should be performed online, which can better realize the
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FIGURE 8 | The output currents under different load distribution schemes
with 120-W output power in simulation.
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FIGURE 9 | The proposed current ripple and efficiency optimal control
method.

online adjustment of the weight parameters. The output current
ripple usually increases as the number N of the operated
phases decreases and the equivalent load difference of each
phase increases. The output current curves under different load
distribution schemes with 120-W output power are obtained by

TABLE 1 | Converter parameters.

Switching freqency Variable Around 500 kHz

Input Voltage 48V
Output Voltage 32V
Output Power 540 W (180 W x 3 phases)
Transformer Turns Ratio 3:2

Magnetizing Inductance
Resonant Inductance
Resonant Capacitance

12.5 yH + 10%
2.5 uH = 10%
40nF + 10%

MOSFET EPC2032
100 T T T
| | | —=— Estimation
! | ! —e— Phase 1
; ! —4— Phase 2
S |- ff
U il 7 el el el e e e -1
Qo
=}
B
2
=)
[sa]
O e e e e
i
0 40 80 120 160 200
Output Power P, (W)
FIGURE 10 | Difference between the estimated efficiency curve and the
practical efficiency curves.

simulation shown as Figure 8. From top to bottom are five load
distribution schemes under the same load. I,;, I, and I ; are
the output currents of each phase, and I, is the output current
of three phases, i.e., I, =1, +1, + 1 ;. The first is a three-phase
load-sharing scheme. The output current ripple of this scheme
is the smallest. The current peak-to-peak value is 11.5% of the
average value. The effective value of the current ripple is 3.3% of
the average value of the output current, while the effective value
of the estimated current ripple accounts for 5.0%. The second is a
two-phase load-sharing scheme. The current peak-to-peak value
is 28.1% of the average value, and the effective value of the current
ripple is 9.2% of the average value, while the effective value of
the estimated current ripple accounts for 8.7%. The third scheme
is to be operated with 60% load and 40% load respectively for
the two phases. The current peak-to-peak value is 102.3% of the
average value. The effective value of the current ripple is 32.7%
of the average value, while the effective value of the estimated
current ripple accounts for 36.8%. The fourth scheme is to be
operated with 70% load and 30% load respectively for the two
phases. The current peak-to-peak value is 131.9% of the average
value. The effective value of the current ripple is 42.4% of the
average value, while the effective value of the estimated current
ripple accounts for 48.7%. The fifth is a single-phase operation
scheme. The current peak-to-peak value is 191.4% of the average
value. The effective value of the current ripple is 68.4% of the
average value, while the effective value of the estimated current
ripple accounts for 62.7%. The time-domain simulation results
verify the accuracy of the output current ripple model.
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The system efficiency of single-phase LLC resonant converter
usually increases first and then decreases as output power
increases, making it possible to achieve efficiency optimization
at low and medium power levels. In addition, the higher
the accuracy of the efficiency model, the better the efficiency
optimization effect will be, but this may result in a larger
amount of calculation and a longer calculation time. Further,
after calculating the current ripple and output efficiency of a
large number of load distribution schemes under various output
powers through theoretical models, many load distribution
schemes are excluded because they are not practical, and there are
few schemes with high practicability. This conclusion is verified
by the experiment result. Therefore, excluding impractical load
distribution schemes in advance will help reduce the amount of
calculation.

A 540-W three-phase interleaved LLC resonant converter is
implemented to verify the feasibility and the advantages of the
proposed control method. The converter is shown in Figure 9
and the parameters are shown in Table 1. The full bridge is
composed of GaN HEMTs EPC2032 and freewheeling diodes
VSS8D5M10. A DSP TMS320F28377D is used to implement the
digital controller.

Figure 10 shows the comparison between the estimated
efficiency curve based on the analysis in Section3 and the
practical efficiency curves of two different phases of LLC resonant
converter. The efficiency curves are measured by ZLG PA5000H
power analyzer. It is seen that the matching degree between the
estimated curve and the practical curves is high, which can reflect
the practical efficiency changes under different loads. When the
output power is low than about 60-W, as the output power
increases, the system efficiency will increase sharply. At this stage,
distributing the load to a certain phase as much as possible can
greatly increase the efficiency, but also increase the output current
ripple. When the power further increases, especially when the
range is greater than about 70-W and lower than about 140-W,
the efficiency of the single-phase starts to decline at this stage,
while the efficiency of the two-phase is still rising. Therefore, from
the perspective of efficiency, the efficiency of two-phase operation
is higher. When the power is greater than 170-W, the three-
phase load-sharing scheme becomes the optimal one in terms of
efficiency and output current ripple. The other load distribution
schemes have no advantages in all aspects. Therefore, current
ripple and efficiency optimal control method mainly improves
the performance of the converter when operated at low and
medium power and has little effect on the performance at high
power.

According to the ripple and efficiency experiments, the
effective value of the output current ripple r* of the single-phase
mode increases from 0 to 3.5-A as the output power increases, and
the efficiency rises rapidly when P, is from 0 to 60-W and slowly
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7/

decreases when P, is larger than 80 W. Setting A, = 0 means that
the system will focus on efficiency improvement. In this case, the
converter maintains a single-phase mode when the output power
is below 110-W, maintains a two-phase current sharing mode in
the range from 110 to 190-W, and maintains a three-phase current
sharing mode in the range from 190 to 540-W. In order to improve
the efficiency at light load and take into account the output
current ripple, the experiment chooses A, = 2.4 and A, = 100. In
this case, the converter keeps a single-phase mode below 70-W. In
the range from 70 to 160-W, a two-phase current sharing mode
is selected. And in the range from 160 to 540-W, a three-phase
current sharing mode is selected. At the same time, the steady-
state output ripple effective value r* is less than 1-A. However, the
cost function is adjusted under the same experimental conditions
to show different distribution schemes, and multiple experiments
are carried out for comparison.

Figure 11 shows the voltage fluctuations and the current
changes of each phase after a step load is applied in three different
situations. The voltage in Figure 11 is the converter output
voltage measured by ADC, and the current I, (n = 1,2,3) is the
measured value of each phase output current after filtering. In
Figure 11A, The first orange dotted line represents the moment

when the step load is applied. V, starts to drop and I, increases
due to the PI control. At ¢ = 2ms, the second orange dotted line
represents the moment when the system detects the load change
and starts to change the load distribution scheme. As described
in Section 4, no matter what load distribution scheme the multi-
phase LLC resonant converter is operated with, as long as the load
changes beyond a certain range, the converter will return to the
three-phase load-sharing mode. Therefore, I , and I , rises rapidly
to catch up with I ;. Then, V, rises to 32.3V until I is equal to the
required load current. The output current stabilizes in 0.95ms. In
Figure 11B, the step load is applied at t = 1.66ms, highlighted by
the first orange dotted line. The system detects the load change
at t =2ms, and the phase 3 starts working. The system quickly
returned to stability in 0.72ms. In Figure 11C, the step load is
applied at t=1.66ms. Since the system originally operates in
the three-phase load-sharing mode, the load distribution scheme
does not change. The system returns to stability in 0.76ms by PI
control. The experimental results show that the controller can
capture the load change in a short time (less than 0.5 ms) and
make the converter response.

Figure 12 shows the process of voltage fluctuation and current
variation caused by load distribution scheme switching when the

Frontiers in Energy Research | www.frontiersin.org

11

June 2022 | Volume 10 | Article 870760


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Wang et al.

Optimal Control Method for LLC

A
33 T T T T
S 1 i 1 1
< | | |
>o 32F ~
1 1 ! t 1
31 i i ! i i
]
>0 X osms | X
) 1 V- 1 I 1,
if’a 25k - - 2 = P N | ,A.’:r::':*:“:t—‘::‘z 7,4
B [ ‘ ! 1 1oy
i i i
0'00 2 4 6 8 10
t (ms)
15 La
‘ Before Distribution‘ ‘ After Distribution‘
< 10p 1 T T I 1
= N Ve W Wall Vel Wah ol
= 5 1 1 ) 1
0 i i III.I i i
t (1us/div)
outputing 60% of the power, and the other phase outputing 40%.

FIGURE 14 | Experimental waveforms of the load distribution scheme switching at 70-W: (A) each of the two phases outputing 50% of the power, (B) one phase

B
33 T T T T
< 1 i 1 1
= 0 = S
> T
1 t t 1
31 1 1 : 1 1
1
_ 50 X 0.92ms | [ ——
< of 1
E 2.5———7———'—7—————';—:—-—:- ————— f-w Lo
1 l ] 1= 1,z
i i L
0'00 2 4 6 8 10
t (ms)
15 La
‘ Before Distribution‘ ‘ After Distribution‘
2 10p- i T~ 1
= N NN NN NSNS D
- 5 1 | | 1
0 i i IIII i i

¢ (1us/div)

output power is 50-W. Firstly, the converter is operated in three-
phase load-sharing mode. Then, the load distribution scheme
switches at £ = 4ms. Phase 2 and phase 3 are shedding and I, starts
to rise due to the drop of V,. V, drops to 31.59V at t = 0.87ms
and finally stabilizes in 0.87 ms. The efficiency after the scheme
switch is improved significantly from 83.1% to 94.5% although
the output current ripple of I, become larger. The ratio of the
effective value of the ripple to the average value of output current
changes from 9.37% to 58.90%. At this power level, single-phase
mode is preferred.

Figure 13A-C show the process of voltage fluctuation and
current variation caused by load distribution scheme switching
when the output power is 70-W. In Figure 13A, the final load
distribution scheme becomes a two-phase load-sharing scheme.
In Figure 13B, one phase outputs 60% of the power, and the other
phase outputs 40%. In Figure 13C, the converter starts with a
three-phase load-sharing mode and switches to a single-phase
mode. The output current ripple of these three load distribution
schemes increases in turn. The three load distribution schemes
change the efficiency from 86.1% to 93.4%, 93.6%, and 95.2%,
respectively. Meanwhile, the ratio of the effective value of the
ripple to the average value of output current changes from 10.12%
to 20.09%, 35.61%, and 57.76%, respectively. At this power
level, the efficiency of the single-phase mode is a little higher
than that of the two-phase mode but still much higher than
that of the three-phase mode. As the output power continues
to increase, the single-phase mode will be overall inferior to
the two-phase mode, which is in line with the theoretical
analysis.

Figure 14A and Figure 14B show the process of voltage
fluctuation and current variation caused by load distribution
scheme switching when the output power is 200-W. At this power
level, single-phase mode is excluded and The efficiency of the
three-phase mode begins to exceed the efficiency of the two-
phase mode. In Figure 14A, the final load distribution scheme
becomes a two-phase load-sharing scheme. In Figure 14B, one

phase outputs 60% of the power, and the other phase outputs 40%.
The two load distribution schemes change the efficiency from
95.1% to 93.9%, and 93.1%, respectively. The ratio of the effective
value of the ripple to the average value of output current changes
from 11.40% to 18.55%, and 24.09%, respectively. If the output
power is further increased, the three-phase load-sharing scheme
will undoubtedly become the optimal scheme, and other schemes
are ignored.

6 CONCLUSION

The load-sharing control method for the multi-phase interleaved
LLC resonant converter leads to a decrease in system efficiency
and even affects the normal operation of the converter under
light load conditions. In this paper, an output current ripple and
efficiency optimal control method for multi-phase interleaved
LLC resonant converter is proposed. This optimal control method
can adjust the load distribution according to the practical
operating conditions of the converter to optimize the current
ripple and efficiency. Although the high efficiency and low output
current ripple cannot be achieved at the same time in light
load, the optimal control method has obvious improvement
in efliciency under medium and low load conditions while
keeping a low output current ripple. The optimal control
method is verified with the 540-W three-phase interleaved
LLC resonant converter operated at the 500-kHz switching
frequency. Further, the optimal control method can be applied
in two-phase converter or multi-phase interleaved LLC resonant
converter.
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