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Abstract: This paper presents a wide input voltage vehicle DC/DC converter based on an LLC
resonant converter for a 48 V light hybrid power system. According to the design requirements
of on-board DC/DC converters and an analysis of their system characteristics, a full-bridge LLC
resonant converter is employed with a zero-voltage activation of the switching transistors through
resonant elements. In terms of the control strategy, the unsatisfactory high-frequency regulation gain
of an LLC resonant converter is analyzed under the frequency modulation (FM) control strategy. In
addition, to accommodate wide input voltage operating conditions, a composite control strategy
is proposed by combining the advantages of the frequency modulation control strategy and phase
shift control strategy, analyzing their control principles, and discussing the selection of the control
mode switching point. By modeling LLC resonant converters with simulation software, the obtained
results verify the effectiveness of the composite control strategy for LLC resonant converters. An
experimental platform based on the TMS320F28335 controller, which can achieve stable operation
with an input voltage in the range of 300 V-600 V and an output voltage of 48 V, is then built. The
experimental results verify the feasibility of the design.

Keywords: LLC resonant converters; on-board DC/DC converters; wide input voltage; com-
pound control

1. Introduction

With the shortage of energy supply and the degree of environmental pollution be-
coming more prominent, the development of vehicles powered by novel energy sources is
becoming an important way to save energy and reduce pollution [1,2]. Notably, 48 V light
hybrid vehicles serve as a transition from traditional fuel vehicles to pure electric vehicles.
Compared to traditional systems, the 48 V hybrid systems add equipment such as motors
and batteries. In addition to their auto start/stop function, they provide auxiliary power to
the vehicle when necessary, and thus the 48 V system has the function of braking energy
recovery to reduce emissions and fuel consumption. It can achieve more effective energy
saving and emissions reduction and has good market application prospects [3,4].

In the 48 V hybrid system, the on-board DC/DC converter is the energy conversion
unit between the high-voltage power battery and the low-voltage battery. It has one end
connected to the power battery and the other end connected to the low voltage battery. It
converts the high voltage of the power battery into low voltage to charge the low voltage
battery, and it supplies power to the entire vehicle’s low-voltage electrical equipment. A
schematic diagram of the on-board DC/DC converter energy conversion scheme is shown
in Figure 1.
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Figure 1. Energy conversion diagram for on-board DC/DC converters.

On-board DC/DC converters often use resonant converters to achieve electrical iso-
lation of the input and output. The LLC resonant converters have a high performance,
and the zero-voltage activation of their primary-side switching transistors is possible. In
addition, the secondary rectifier can achieve zero-current shutdown. With these advantages,
the LLC resonant converters are used in various applications with wide input voltages.
New energy and communication power supply fields are rapidly developing. Therefore,
the LLC resonant converters should also be adapted to wide input voltages. There are
currently two main options for their implementation: an improved circuit topology and an
improved control strategy.

To allow an LLC resonant converter to operate over a wider input voltage range, many
researchers have conducted studies on the innovation of LLC resonant converters’ topology.
The authors of [5] propose an interleaved parallel LLC resonant converter, where a parallel
connection is applied for the primary side circuit of the transformer of the two LLC resonant
converters, while the secondary side of the transformer is a hybrid rectifier. The circuit
structure is more complex, and it has a small operating frequency range. A converter with
a three-bridge arm is presented in [6]. It is a hybrid combination of two full bridges where
two auxiliary switches are added on the secondary side; thus, the zero-voltage activation
and zero-current deactivation of all the switches can be achieved to maintain high efficiency
over a wide range. The study in [7] proposes an LLC resonant converter with an auxiliary
bidirectional switching unit. It can fully use the additional bidirectional switching unit
when the input bus voltage decreases. This allows the converter to achieve high voltage
gain and efficient normal operations with a large excitation inductance. The study in [8]
proposes a dual-mode low-voltage DC converter. The entire input range is divided into two
sections: a low input voltage range and a high input voltage range. The converters have
two operating modes corresponding to these input voltage ranges. In the low input voltage
range, the converter operates as a triple-switched double-ended actively clamped forward
converter, while operating as an asymmetric half-bridge converter in the high input voltage
range. The authors of [9] propose an LLC resonant converter capable of switching between
full-bridge and three-level The full bridge LLC resonant converter operates in the low input
voltage range, while the three-level LLC resonant converter operates in the range of a high
input voltage. However, the number of switches is high, and the circuit structure is complex,
which is not conducive to parameter design. A modified two-transformer LLC resonant
converter is proposed in [10]. In the latter, the gain is changed according to the change in
the circuit structure and whether another transformer participates in the resonance. This
topology adds many auxiliary devices, and the control strategy cannot achieve smooth
switching between modes. An LLCC converter is proposed in [11]. In the latter, based
on the traditional full bridge LLC resonant converter structure, an auxiliary capacitor
is added in parallel with the resonant inductance. Under normal working conditions,
the converter operates in LLC mode. When the input voltage increases, the auxiliary
capacitor participates in the system’s resonance, which increases the converter’s gain range.
Under this control mode, the current has high-order harmonics, which easily increases the
circulating current of the system and reduces the overall efficiency.
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Many researchers have determined the operating requirements of a wide range of
input voltages by changing the control strategy. Typically, LLC resonant converters use a
variable frequency (VF) control to regulate the output voltage. In VF control, the switching
frequency is changed to obtain the desired voltage gain. Therefore, the switching frequency
range is narrow in applications with a low input voltage range. However, a wide input
voltage range requires a wide switching frequency variation range, which causes certain
issues. Conventional LLC resonant converters have a wide range of switching frequency
variation in order to obtain a wide voltage gain, which is not conducive to the design and
optimization of magnetic components. When the input voltage is high, the converter needs
a lower voltage gain to stabilize the output voltage; at this time, the switching frequency is
high, resulting in increased converter losses and lower overall efficiency. There is a problem
involving the unsatisfactory high frequency regulation gain of LLC resonant converters
under a frequency control strategy [12-14]. In view of this situation, some researchers have
proposed different control methods. For instance, a control strategy for adaptive phase
shift regulation is proposed in [15]. This topology connects two half-bridges in series on
the primary side. The rectifier filter side uses a power-switching transistor rather than
a diode rectifier. Since the primary side is a double half-bridge series connection, the
voltage stress on the switching transistors is greatly reduced. The input voltage range can
be widened by adjusting the phase shift angle of the secondary switching transistor. The
study in [16] proposes a T-type, three-level LLC resonant converter with an ultra-wide
input voltage range. It uses a composite control strategy that integrates variable frequency
control, phase shift control, and variable mode control. Compared with the conventional
LLC resonant converter, this composite control strategy allows the gain ratio of the LLC
resonant converter to be eight times higher. In [17], a novel control scheme is proposed for
a stacked structure LLC resonant converter. During its normal operation, the frequency
doubler modulation strategy is adopted to reduce the switching loss and driving loss, and
the output is regulated by pulse frequency modulation (PFM). During the hold-up time
operation, the pulse width modulation is adopted to increase the system voltage gain,
and the switching frequency is fixed during this operation stage. With a different input
voltage range, a hybrid control strategy is proposed to realize zero-voltage switching (ZVS)
operation for all the switches of the proposed converter within a full power range in [18].
When at a high input voltage, extended phase shift control is applied to extend the ZVS
range. When at a low input voltage, a variable gain LLC converter is designed to regulate
the voltage distribution among the dual active bridge (DAB) converter and LLC converter
for the ZVS operation of the DAB converter. A dual half-bridge, three-level LLC resonant
converter is proposed in [19]. A wide-range control strategy is proposed for this topology
to achieve gain adjustment by frequency modulation and pulse width modulation. The
authors of [20] propose an integrated Buck-Boost LLC converter which is suitable for a
wide input voltage range, while the common use of switch transistors reduces the number
of used switches. With pulse width modulation and phase shift control, each switch on the
primary side can perform zero-voltage activation in the full input voltage and load ranges.
A dual-transformer-based LLC resonant converter is proposed in [21]. The output voltage
is regulated through a fixed-frequency phase shift pulse width modulation control scheme.
The proposed converter is capable of realizing soft switching over a wide input voltage
and the entire load range. The study in [22] proposes a dual-bridge LLC resonant converter
for wide input applications. The topology is an integration of a half-bridge LLC circuit and
a full-bridge LLC circuit. The fixed-frequency pulse width-modulated control is employed
and a range of twice the minimum input voltage can be covered.

This paper presents a wide input voltage vehicle DC/DC converter based on the
LLC resonant converter for a 48 V light hybrid power system. Through the composite
control modes of FM control and phase shift control, the problem of the unsatisfactory high
frequency regulation gain of the LLC resonant converter under a frequency control strategy
is solved. This is due to the fact that the phase shift control strategy is easier to implement
than the frequency control strategy, and the fixed operating frequency is more favorable to
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the optimization of the magnetic component’s design. By combining the two methods via
mixing the control, the circuit mode can be smoothly switched, and the output voltage can
be stabilized, which enables the widening of the input voltage range, the performance of
soft switching, and the improvement of work efficiency.

This paper is organized as follows. Section 2 introduces the LLC resonant converter’s
topology and characteristics” analysis. Section 3 discusses and analyzes the implementation
of a composite control strategy by combining the advantages of frequency modulation and
phase shift control methods. In Section 4, the design of essential parameters is detailed.
The composite control model of the LLC resonant converter’s topology is simulated and
analyzed to verify the rationality of the composite control strategy in Section 5. In Section 6,
an experimental platform with an input voltage of 300 V-600 V and an output voltage of 48
V is established to verify the feasibility of the design. Section 7 provides the conclusions.

2. LLC Resonant Converter Topology and Characteristics” Analysis

The topology of the LLC resonant converter is shown in Figure 2, which can be divided
into an inverter network, a resonant network, and a rectifier filter network. The inverter
network consists of switching transistors Q;—Qy. The resonant network consists of the
resonant capacitor C;, resonant inductance L,, and excitation inductance Ly,, while the
resonant capacitor C; also prevents the DC component of the square wave generator’s
output voltage flowing to the transformer while balancing the magnetic flux to prevent
magnetic circuit saturation. The rectifier filter network is a double half-wave rectifier with
a center tap on the secondary side of the transformer.

JET
D; G

Figure 2. LLC resonant converter topology.

The LLC resonant converter has two resonant frequencies: the first resonant frequency,
and the second resonant frequency:

1
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If the driving signal frequency of the switching transistor is fs, the analysis of the
operating mode corresponds to when 1, < fs < fr; the operating waveform in this frequency
range is shown in Figure 3. When the excitation current is equal to the resonant current, the
voltage across Ly, is no longer clamped, and L;, C;, and L, resonate together. From Figure 3,
it can be seen that the diode on the secondary side achieves zero-current shutdown.
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Figure 3. Main operating waveform when f1, <fs < f;.

The fundamental harmonic approximation method is used to establish the equivalent
fundamental mathematical model of the LLC resonant converter [23]. The DC input voltage
of the inverter network is Vj,, as shown in Figure 2. The bridge arm’s diagonal switch
transistor is simultaneously adjusted on and off, and the two groups of transistors perform
complementary conduction; then, the resonant network input voltage V sp has a duty cycle
of 0.5. The amplitude of the periodic square wave is Vi,. Figure 4 shows the equivalent
topology diagram of the conversion of the rectifier filter network to the primary side of the
transformer.

L,

™

Vae Q) Lm Ra| | NVsec
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Figure 4. LLC resonant converter simplified circuit.

The equivalent resistance converted to the original side is given by:

8n?
?RL 3)

Rac = n?Re =
where 1 denotes the transformer’s primary to secondary turns.
The ratio of the transformer’s secondary voltage converted to the primary voltage is
expressed as:
nVo o 1 Vsec
Vi VaB1

where Vap; is the input voltage of the resonant network after conversion; 1V is the
output voltage of the resonant network after conversion.
The transfer function of a circuit H(jw) is then simplified as:

M:

4)

jwsRach
H(](U) _ nVsecl _ Rac+jwsLm (5)
VABl ](U L + . 1 ](UsRach
s=T ]wscr Rac+]wsLm

where ws is the switching angular frequency.
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The ratio of the excitation inductance to resonant inductance is defined as:
A=Ln/L: (6)
Afterwards, the quality factor is defined as:
_VL/G
Q= Yt )
ac
The voltage gain function can then be derived:
. 1
M(fn) = [H(jw)| = ®)

[0 g)en] +[(1- )]

where f\ is the normalized frequency, fN = fs/fr.

Connecting all the peak gain curves in Figure 5 yields a purely resistive curve. If the
above diagram is divided by a purely resistive curve and a straight line with f\ = 1, the
converter can be divided into three operating zones:

3 T ]
I 1ZVSwork — Q0!
| o —Q=03
251 , | area : Q=05
| : Pureresistance | ~_
b : Q=1
I : curve _
| : =
2r I : Q=10 |
\ :
- \ g
g5 T o 1
2 '
= H
> X 1
§ ZVS work |
0.5 : areal
oL s |
1 1.5 2

Normalized frequency fu

Figure 5. Voltage gain curve of a resonant network when the quality factor changes.

Region 1—the right side of the purely resistive curve and the right side of f\y = 1.
At this time, the gain M is less than 1; in the inductive operating area, the buck mode is
operational, and the LLC resonant converter is in the ZVS state.

Region 2—the right side of the purely resistive curve and the left side of fny = 1. At
this time, the gain M is more than 1; in the inductive operating area, the boost mode is
operational, and the LLC resonant converter is in the ZVS state.

Region 3—the left side of the purely resistive curve and the left side of fy = 1. At
this time, the gain M is variable in the capacitance-operating area, and the LLC resonant
converter is in the zero-current switching (ZCS) state.

In the design of a resonant topology; it is necessary to make it functional in the ZVS
area, i.e,, regions 1 and 2. While working in region 1, the rectifier transistor on the secondary
side cannot achieve ZCS, which will reverse recovery, and the loss increases. Therefore,
the LLC resonant converter performs best under FM control in region 2, which is the
boost mode.

3. Composite Control Strategy

The characteristic analysis shows that the LLC resonant converter based on the FM
control strategy can achieve soft switching in a certain gain range. However, with a wide
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range of voltage inputs, the switching transistors require a large frequency regulation range,
which is not conducive to the design optimization of the converter’s magnetic components.
Consequently, another control method for LLC resonant converters, referred to as the
phase shift control strategy, is introduced. The LLC resonant converters usually use two
modulation methods (phase shift control and frequency control) to achieve circuit stability.
Phase shift control is easy to implement but its input voltage range is narrow. Frequency
control is highly effective, but the converter’s magnetic element design is difficult. In this
paper, two control methods, phase shifting and frequency conversion, are combined and
applied to an LLC resonant converter. Phase-shifting control operates at a high voltage
input and the frequency conversion control at a low voltage input. This control method
retains the advantages of phase shift control and accounts for the good characteristics of
frequency control. This section discusses and analyzes the implementation of the composite
control strategy by combining the advantages of the two control methods [24].

3.1. FM Control

Pulse frequency modulation is the most common control method for LLC resonant
converters. The schematic diagram of the FM closed-loop control strategy of the LLC
resonant converter is shown in Figure 6. The output voltage error of the resonant topology
is derived by measuring the output voltage and then comparing it with the given reference
voltage value. The driving signal of the switch is obtained through a proportional integral
(PI) link in order to adjust the resonant topology’s output [25].

LLC resonant converter:
AmiTemiT |, o
b6 & M n:1
e +
i AN
Vin C) B“ : Co—‘rRL -
Dr
! ]
ot olmiT
DG D,C,
Q1 Q Qs Qs o,

FM control unit

Figure 6. FM control strategy.

Resonant network voltage gain curve for different values of inductance ratio A is
shown in Figure 7. When the inductance ratio A increases, the gain will decrease accordingly,
and the input and output voltage range will become smaller. Therefore, the output signal
is difficult to regulate in the case of a low input voltage. The frequency corresponding
to the peak of the gain curve decreases as the inductance ratio A increases. When fr
remains unchanged, the inductance ratio A increases, and the switching frequency range
becomes larger, which results in increasing the converter losses. Thus, it can be seen that
the inductance coefficient of the converter should be as small as possible. In addition, when
the resonant frequency is constant, the resonant inductance is also determined. Under
this condition, if the inductance ratio decreases, the excitation inductance also decreases.
Thus, the excitation current increases, and the loss increases. The resonant power supply
efficiency will then be reduced; therefore, the inductance ratio A should take a larger
value. It can be deduced from this analysis that the inductance ratio should take the
appropriate value. When the normalized frequency increases, the LLC resonant converter
gain decreases. It can be seen that the circuit operates at low load and no load, and the
switching frequency can be adjusted upwards. When operating at full load, the switching
frequency can be adjusted downward to ensure a constant output voltage.
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Figure 7. Resonant network voltage gain curve for different values of inductance ratio A (Q = 0.5).

The LLC resonant converters operate at full, light, or no load. Too large of a range of
frequencies will cause their losses to increase. It is also known from the gain formula that
the input voltage is proportional to the normalized frequency. Therefore, the aim of the
LLC resonant converter is to be suitable for a wide input voltage. Under the FM control
strategy, the switching frequency range of the resonant converter should be increased.
When the frequency is too high, the operating loss increases. While the frequency is too
low, it is easy to be in the capacitance operating area and soft switching is unachievable.
Therefore, too high and too low of a switching frequency under a wide input voltage makes
the converter work inefficiently. The frequency adjustment range is limited to keep the
output voltage constant.

In summary;, in the case of uncertainty in Q and A, the LLC resonant converter only
works properly in a certain gain range. Based on the FM control mode, the only way to
meet the wide input voltage operating conditions is by changing the upper and lower limits
of the FM frequency. However, broadening the frequency causes many adverse effects that
make it impossible for the converter to work efficiently. Therefore, to meet the wide input
voltage operating conditions, the control strategy of the LLC resonant converter should
be changed.

3.2. Phase Shift Control

The phase shift control method of the LLC resonant converter consists in fixing the
operating frequency of the switching transistors so that it becomes equal to the resonant
frequency, as well as changing the output characteristics of the resonant converter by
adjusting the phase shift angle of the switching transistors of the inverter network. The
phase shift angle of Q;-Qj is adjusted, which can be divided into two groups according
to the phase angle difference between the leading bridge arm and the lagging bridge arm.
Q; and Qs are leading bridge arms, while Q; and Q4 are lagging bridge arms. The output
characteristics are then changed by the phase angle difference between the leading and
lagging bridge arm. The operating waveform in the phase shift mode is shown in Figure 8.
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Figure 8. Phase shift control mode’s operating waveform.

The basic characteristics of the LLC resonant converters are assessed using time
domain analysis [26,27]. The following system of equations can be derived based on the
time domain analysis:

—(14cosb,) - Iy, —sinb, - VE,(0) — M - sinf) + (sinr —sin(6, —61)) =0
—(6 — 03 +sin6y) - I; + (14 cosby) - VE.(0) + (cos b, — 1)M
+(cos(6, — 61) —cosb) =0 )
—sinf, - I + (cosfy — 1) - V&, (0) + (cos,e2 —1- %Q)M
+(cos(0, — 61) —cosb) =0

where 01, 67, and 03 are the angles at moments t, t4, and t5, respectively; [*y, is the current
standard value when the excitation current and resonance current are equal; and V*¢.(0) is
the resonant capacitor’s zero-moment voltage standard value.

61, 03, and I*1,, are expressed as:

61 = nDy/ fn (10)
03 =7/ fNn (11)
I3 = M6,/ (2A) (12)

where Dy is the duty cycle.

In the reference variable, A and fy can be identified as known quantities. In addition,
the load condition determines the quality factor Q. Figure 9 shows the variation curve of
the duty cycle Dy versus the input-output voltage ratio M for different values of the quality
factor Q. In the graph, the inductance factor is taken as 4, and the normalized frequency is
=1

It can be seen from Figure 9 that in the phase shift control mode, the normalized
frequency is kept at 1, and the voltage at the load side changes by adjusting the duty cycle.
When the duty cycle is 1, the input to output voltage ratio is 1. The output voltage is
maximum at this time, while for the rest of the time, as the duty cycle Dy changes, the value
of M is less than 1. Under the phase shift mode control, the LLC resonant converter operates
in step-down mode. It can also be clearly seen from Figure 5 that the gain characteristics of
the resonant converter are difficult to adjust in terms of frequency when operating in region
1. Based on the FM control strategy, the rectifier on the secondary side of the transformer
cannot achieve ZCS. Therefore, there is a reverse recovery problem and the loss increases.
Thus, the phase shift control strategy makes up for the shortcomings of the FM control
strategy in the buck mode. The phase shift control strategy is shown in Figure 10.



Electronics 2022, 11, 3379

10 of 25

M(Dy)

0 0.2 0.4 0.6 0.8 1.0
Dy

Figure 9. Input to output voltage ratio in phase shift control mode.

LLC resonant converter

lo

- sampling [«

+ Vo_ref PS control unit

Figure 10. Phase shift control strategy.

3.3. Composite Control

The LLC resonant converter cannot achieve a wide gain range under a single control
method. Under frequency control, the gain can only be greater than 1 in order to ensure
the soft switching of both the primary and secondary sides, and the maximum voltage
gain of the frequency control will be limited due to the influence of the quality factor of the
system. Under the phase shift control within the primary side, the gain can only be less
than 1. Therefore, the following composite control strategy is proposed.

When M > 1 (the resonant network boost conversion), the FM control strategy is used,
and the resonant network gain decreases as the regulated switching frequency increases,
which applies to the case of a low input voltage.

When M =1 (the resonant network equals voltage conversion), only L, and C; co-
resonance takes place. f; is taken as the highest switching frequency. This is the mode-
switching point of the two control strategies. That is, when f = f;, the phase shift angle is
0, the electrical energy is directly converted, and the converter efficiency is at its best.

When M <1 (the resonant network buck conversion), the phase shift control strategy
is used. fs = f is retained. As the regulation duty cycle decreases, the resonant network
gain decreases, which is suitable for the case of a higher input voltage.

Too low or too high of an input voltage will cause the system loss to increase, thus
affecting the efficiency of the LLC resonant converter. Therefore, to maintain the efficiency
of the LLC resonant converter, it is important to design an appropriate input voltage range.
In addition, the voltage at the switching point should be comprehensively considered to
make the mode switching of the LLC resonant converter as smooth as possible, which is
conducive to optimizing the efficiency of the LLC resonant converter.
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Figure 11 shows the block diagram of the composite control system of the LLC resonant
converter. The LLC resonant converter’s output voltage is V, and the resonant frequency
is set as the switching frequency by comparing it with the given reference voltage V rf.
When the operating frequency of the resonant converter is less than the set value, the
phase shift angle is equal to 1, and the FM mode is used to change the frequency f; of the
switching transistor to adjust the output voltage V. However, increasing the resonant
converter’s operating frequency to the set value still cannot regulate the voltage. The
operating frequency is maintained as the resonant frequency is unchanged, and the phase
shift angle ds is changed to adjust the output voltage V. Depending on the input voltage,
the control strategy switches the mode to change only one of the variables, the frequency
or phase angle, ensuring independence between the two.

LLC resonant converter

T Dk,

L,
& ol ;
T 3
S G [RT-

D

control Vo=>Vo_ref

signals

Vo _V,

Cole—(X)

V,_ref

+
fs Vo=V,_ref Vel

Hybrid control unit

Figure 11. Block diagram of the composite control system.

It can be seen from Figure 5 that the converter should operate in region 2 for the best
performance in the case of FM control, where the sub-side rectifier can realize ZCS, and,
therefore, fs < f is selected. Since the efficiency is highest and the loss is lowest when
mboxemphf; = f; and the frequency remains the same in the case of phase-shifting control,
the resonant frequency is chosen as the operating frequency in this case. Based on the
above analysis, the mode-switching point selects the point where the operating frequency
is the resonant frequency when the resonant network gain is 1, and the switching transistor
duty cycleis 1.

Since the converter should be suitable for wide input voltages, in this paper, the
minimum value of the input voltage, Vin min, is set to one-half the maximum value of the
input voltage, Vin max:

1

Vinfmin = E Vinﬁmax (13)

It is known from the basic principle of composite control that when the input voltage
has its lowest value, the FM control mode holds and the resonant network gain attains the
maximum value, M(fN) max. Correspondingly, when the input voltage is the highest value,
the phase shift control mode holds, and the resonant network gain is the minimum value,
M(Dy)_min- Since the output voltage is kept constant, then:

Vin_min : M(fN)_max = Vin_max ' M(Dy) =nV, (14)

_min
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Since the boost is in the FM mode and the buck is in phase shift mode, by combining
Equations (13) and (14), the following can be derived:

{ 1< M(fN)_max <2
(15)
0.5 < M(Dy) . <1

By combining the working principle of the composite control strategy and the analysis
of Figure 5, it can be deduced that the switching frequency should be greater than the
frequency corresponding to the peak gain of the resonant network with a certain margin.
To facilitate gain regulation, the switching frequency is set as the minimum operating
frequency of the switching transistor [28].

In this paper, during the selection of inductance ratio, A is set to 3. Figure 12 shows
the frequency gain curve at this time.

25

—Q=02
——Q=03
Q=0.4
—Q=05
——Q=06
Q=0.7

— Voltage gain M

1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized frequency fu

Figure 12. Frequency versus gain curve for A = 3.

To improve the efficiency, a larger Q value is chosen within a reasonable range. Ac-
cording to the definition of the quality factor Q, when the LLC resonant converter operates
at full load, the quality factor is taken as Qmax. In addition, it can be seen in the frequency
gain curve that the gain M decreases with the increase in Q. To ensure that the voltage
increase in the rated operating condition is large enough, this paper considers that the
gain of the lower limit of the input voltage Vin min is M(fN) max in the rated operating
condition. At this time, the quality factor Q takes the maximum value Qmax, and Qmax =
0.5 is considered. Figure 12 shows that in the leaving margin, M(fN) max and fN_min are
1.33 and 0.75, respectively. It can be deduced from Equation (14) that the control mode’s
switching point voltage is:

Vin_switch = Vin_min -M (f N )_max = 1-33Vin_min (16)
The minimum gain M(Dy)min can then be derived:

M(Dy) . = M(fN) max/2 = 0.67 (17)

_min

At this point, the corresponding minimum duty cycle is Dy_min = 0.42.

It can be easily surmised that the switching frequency is the minimum frequency
fs_min for different input voltages and loads, while the high-voltage, full-load duty cycle
approximately reflects the minimum duty cycle, which is considered as the minimum duty
cycle Dy _min.

4. System Parameter Design
The key technical parameters of the LLC resonant converter are shown in Table 1.
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Table 1. Key technical parameters of the LLC resonant converter.

Symbol Description Value
Vin_min Minimum input voltage 300V
Vin_max Maximum input voltage 600 V
Vo Rated output voltage 48V
fr Resonant frequency 100 kHz
Maximum switching
fs.max frequency 100 kHz
Minimum switching
fs_min frequency 75 kHz

From (16), the control mode switching point voltage can be obtained:
Vin_switch = 1.33Vin_min = 400 V (18)

It can be seen that when the input voltage is in the range of 300-400 V, FM control
is used. When the input voltage is in the range of 400-600 V, phase shift control is used.
Therefore, the transformer’s turns ratio is calculated as:

— Vinﬁswitch — 400 ~
Vo+ Vg 48 + 0.966

8.2 (19)

where V7 is the diode’s on-state voltage drop, taking the value of 0.966 V.
In this paper, the inductance ratio is set to A = 3, and the quality factor is Q = 5. This is
the basis for the specific design of the resonant element parameters [29].
The load resistance of the LLC resonant converter at rated operating conditions is
given by:
VZ o4

Rig=-2=_—"2_-11520 2
Ld = D~ 2000 > (20)

The equivalent resistance of the resonant network is expressed as:

8n? 8 x 8.22
Rac = ~5Rig =~ x 1152 =628 0 (21)

The resonant frequency is fr = 100 kHz, and the resonant capacitance is given by:

C = wrQlRac = ZthrlQRac = 50.7 nF (22)
The resonant inductance is computed as:
Ly = 21 = ! >— =49.97 uH (23)
wiCr (27tfr)"Ce
The excitation inductance is given by:
Lm = AL; =3 x49.97 = 14991 uH (24)

5. Simulation Analysis

The composite control model of the LLC resonant topology is simulated and analyzed
to verify the rationality of the composite control strategy. The simulation parameters are
presented in Table 2. The simulation model is shown in Figure 13.
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Table 2. Parameters of the simulated circuit.

Symbol Description Value
Ly Resonant inductance 49.97 uH
Cr Resonant capacitor 50.7 nF
Lm Excitation inductance 149.91 uH
N Transformer ratio 8.2
Co Filter Capacitor 2000 pF
Vin DC input voltage 300-600 V
Vo DC output voltage 48V

LLC Vorage Loop

Hybrid controller Main waveform display

Figure 13. LLC resonant converter simulation model.

The simulation analysis is performed for the following three cases of input voltage to
better verify the feasibility of the composite control strategy.

5.1. Output Voltage Waveform at Different Input Voltages

Figure 14 shows the input and output voltage waveforms when the input voltage is
300 V and then starts to linearly increase at 3 ms, reaching 600 V in 45 ms. It can be seen
that when the input voltage linearly increases, the output voltage is maintained at 48 V,
and when the boost voltage reaches the mode switching point voltage of 400 V, the output
voltage can quickly return to constant after a small shake due to the control mode switching.

@
=]
S

Input voltage/\V/
B wn
o o
o o

w
o
]

20

1 I 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t/s

Output voltage/V/

Figure 14. Input voltage from low to high, linearly increasing input and output voltage waveform.

Figure 15 shows the input and output voltage waveforms of the LLC resonant con-
verter when the initial input voltage is 400 V and then changes abruptly to 600 V at 5 ms.
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When the input voltage changes abruptly to 600 V, the LLC resonant converter switches
to phase-shifting control, and small momentarily fluctuations are observed in the output
voltage, which can then still maintain a constant value of 48 V.

o
o

Input voltage/V/
@
=

N
S

3
=]

1 1 1 1
0.0046  0.0047 0.0048 0.0049  0.005 0.0051 0.0052 0.0053 0.0054  0.0055 0.0056
tls

IS
o

Output voltage/V

Figure 15. Input and output voltage waveform when the input voltage undergoes an abrupt change.

Figure 16 shows the LLC resonant converter’s input and output voltage waveforms
when the initial input voltage is 400 V and then suddenly changes to 300 V at 5 ms. When
the input voltage suddenly changes to 300 V, the LLC resonant converter switches to FM
control. In the case of a sudden change in the input voltage, small transient fluctuations
exist in the output voltage, which still can maintain a constant output of 48 V.

Input voltage/V/
w £
a o
?

w
I=3
7

40—

Output voltage/V

1 1 1 L 1 1 1 1 L 1
0.004 00045 0005 00055  0.06 0.0065 0007 00075 0.008 0.0085
t/s

Figure 16. Input and output voltage waveform when the input voltage suddenly decreases.

5.2. Other Major Waveform

The FM mode waveforms of the resonant inductance and excitation inductance cur-
rents, i and iy, are shown in Figure 17. The phase shift mode waveform is shown in
Figure 18, and the overall waveform is shown in Figure 19.

20 T T

15+ 1 | { | |

10 N\ N N N

o
T
I

Current/A

-5
IRV ) LY SR
0 ‘ | \ \
001021 001022 001023 001024 001025  0.01026
t/s

Figure 17. FM control mode waveform.
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Figure 18. Phase shift control mode waveform.
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Figure 19. Overall waveform.

The rectifier diode’s current is; and ig; waveforms are shown in Figures 20 and 21,

respectively. It can be seen the LLC resonant converter can achieve the ZCS of the secondary
side rectifier in both the FM and phase shift modes.
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Figure 20. FM control mode waveform.
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Figure 21. Phase shift control mode waveform.

The voltage, V¢, waveform at both ends of the resonant capacitor is shown in

Figures 22 and 23. After regulating the control strategy, the resonant capacitor voltage
is an AC waveform with an amplitude of 400 V.
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Figure 22. FM control mode waveform.
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Figure 23. Phase shift control mode waveform.

The input voltage (V o) waveform of the resonant network is shown in Figures 24 and 25.
The input voltage waveform of the resonant network for different DC voltage inputs is

consistent with the principle analysis of the different control strategies that were presented
in the previous section.
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Figure 24. Waveform at 300 V DC input voltage.
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Figure 25. Waveform at 600 V DC input voltage.



Electronics 2022, 11, 3379

18 of 25

The switching transistor drive waveforms are shown in Figures 26 and 27. In the FM
mode, the Q; and Q3 drive waveforms are complementary, and the Qp and Q4 are synchro-
nized with the Q3 and Q; drive waveforms, respectively. In the phase shift mode, the Q;
and Q3 drive waveforms are ahead, while the Q, and Q4 drive waveforms are lagging.
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Figure 26. FM control mode.
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Figure 27. Phase shift control mode.
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Therefore, it can be deduced from the above analysis that the LLC resonant converter
can efficiently operate over the designed wide input voltage range and maintain a constant

output.

6. Experimental Verification

Figure 28 shows the LLC resonant converter’s software and hardware architecture.
The TMS320F28335 digital signal processor is considered the LLC resonant converter’s
main control chip, and the experimental prototype of the LLC resonant converter is built
based on the designed circuit parameters. The experimental main data are shown in Table 3.
Figure 29 shows the experimental test platform.
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DC voltage | LLC res'onant c'onverter — Transformer —— LLC resonan? converter DC voltage
input | primary side sub-side output

Figure 28. LLC resonant converter software and hardware architecture.

Table 3. Experimental main data.

Sampling
circuit

Symbol Description Value
Ly Resonant inductance 50 uH
Cr Resonant capacitor 51 nF
Lm Excitation inductance 150 uH
N Transformer ratio 8.2
Co Filter Capacitor 2000 pF
Vin DC input voltage 300-600 V
Vo DC output voltage 48V

Figure 29. Experimental test platform.

Figure 30 shows the waveforms of the drive signal of the switch transistor Q; in
FM mode and Phase shift mode. It can be seen that the voltages at the two ends of the
switch transistor and the drive signal exhibit slight interleaving. That is, the voltage at
the end of the switch transistor has dropped to 0 before the drive signal drives on it, and,
thus, the ZVS is achieved. Due to the stray capacitance, the voltage hysteresis across the
switching transistor increases and the deactivation loss is reduced. The rest of the switching

transistors are similar to Q.
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Figure 30. Switching transistor Q; drive signal. (a) FM mode switching transistor drive signal;
(b) Phase shift mode switching transistor drive signal.

To demonstrate the applicability of the composite control strategy of the LLC resonant
converter over a wide voltage range, the input voltage is boosted from 300 V to 600 V.
The experimental waveform is shown in Figure 31a. At this time, the control switch
transistor first undergoes a frequency modulation and then a phase shift. The voltage
across the resonant capacitor and inductance current tends to smooth with the test time.
The output voltage is almost constant at 48 V. The input voltage is then reduced from
600 V to 300 V, and the actual value is lower than 300 V, and then it finally increases.
The experimental waveform is shown in Figure 31b. At this time, the chip controls the
switching transistor’s first phase shift and then the frequency regulation. The voltage across
the resonant capacitor and inductance current first increases and then decreases, while the
output voltage is reduced to almost 25 V, followed by the input voltage’s increase to 85 ms
to maintain a constant value of 48 V.

/ +

Vin
[400V/div]

Vin \\’W

VCr
[500V/div]

Vet

Vo
[50V/div]

Ir
[10A/div]

t [25ms/div] t [25ms/div]

(a) (b)

Figure 31. Voltage surge experimental waveform. (a) 300 V increased to 600 V; (b) 600 V reduced to
300 V.
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Figures 32-34 show the experimental waveforms at a light load (10% full load), half
load, and full load in FM mode (300 V input) and phase shift mode (500 V input), respec-
tively. The waveforms of Vsp, V¢, and i; in the resonant network are shown. Figure 34a
shows the waveform of Vop, V¢r, and i; in the resonant network when the input voltage is
300 V at full load. At this time, the switching frequency is 75 kHz. Figure 34b shows the
waveform of Vag, V¢r, and i, in the resonant network when the input voltage is 500 V at
full load. At this time, the switching frequency is 100 kHz. In the FM control mode, V op is
approximated as a square wave with an amplitude of 300 V, and V¢, is approximated as an
AC waveform of 300 V. In the phase shift control mode, V sp shows a stepped waveform
and V¢, is an AC waveform of approximately 500 V. The voltage and current waveforms
of the resonant network for different DC voltage inputs are consistent with the previous
analysis. Figure 35 shows the waveform at no load and with full load switching applied.
The output voltage exhibits a small fluctuation when the load is switched, and finally the
output voltage is stabilized at 48 V. The experimental results and theoretical analysis show
that in the full voltage and full load range, the converter can operate well in FM mode and

phase shift mode.
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Figure 32. Light load (10% full load) experimental waveform. (a) 300 V input (FM mode); (b) 500 V
input (Phase shift mode).
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Figure 33. Half load experimental waveform. (a) 300 V input (FM mode); (b) 500 V input (Phase
shift mode).
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Figure 34. Full load experimental waveform. (a) 300 V input (FM mode); (b) 500 V input (Phase
shift mode).
» +

Vo
[20V/div]

= Full load / Full load
° o
- g No load
3,
t [200ms/div]

Figure 35. Load change experimental waveform.

Figure 36 shows the efficiency curves of the experimental data for different input
voltages at a rated full load for different control methods, including compound control
and conventional FM control. The input voltages between 300 V and 600 V all reach over
90% efficiency under compound control. A maximum efficiency of 95.3% is reached at
the control-switching point, which is a 1.3% increase in maximum efficiency compared
to conventional FM control. The converter achieves efficient conversion over the full
voltage range.
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Figure 36. Efficiency curve at rated full load.

Figure 37 shows the comparison of the component losses between the compound
control and conventional FM control under full load conditions. It can be seen that the total
losses of the converter operating at a full load under compound control amount to 94 W at
the mode-switching point. The total losses in the conventional FM control equate to 120 W.
The compound control reduces losses by 26 W compared to the conventional FM control.
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Figure 37. Loss analysis comparison graph.

7. Conclusions

In this study, through the circuit topology’s establishment, the composite control
strategy’s design, and the analysis of the results, a wide input voltage on-board DC/DC
converter based on an LLC resonant converter was designed. The main findings are
summarized as follows.

The system characteristics were analyzed according to the design requirements of the
on-board DC/DC converter, which uses a full-bridge LLC resonant converter and achieves
zero-voltage activation of the switching transistors through resonant elements.

In terms of the control strategy, to adapt to wide input voltage operating conditions,
combining the advantages of a frequency modulation control strategy and phase shift
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control strategy, a composite control strategy has been proposed. Its control principle was
then analyzed. Afterwards, the selection of the switching point of the control mode was
discussed, and the switching point voltage was finally derived.

Simulation software was used to build the LLC resonant converter model. The ob-
tained results verify the effectiveness of the composite control strategy of the LLC resonant
converter. An experimental platform was then built. The LLC resonant converter achieved
stable operation with an input voltage in the range of 300 V-600 V and an output voltage
of 48 V. Soft switching was achieved in both the FM and phase shift control modes, and the
experimental results verified the feasibility of the design.
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