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LLC Resonant Converter Based Single-stage Inverter with
Multi-resonant Branches

Dong Jiao

ABSTRACT

This paper presents a single-stage inverter with variable frequency modulation
(VFM) based on LLC resonant converter. And LLC converter is a common topology of
dc/dc conversion. LLC resonant converter can achieve high efficiency and soft-switching
performance. Since the dc gain curve of the single-resonant LLC converter is flat when
the switching frequency is larger than the resonant frequency, namely fs>f;, an additional
L-C series resonant branch is paralleled to the original resonant tank to introduce higher-
order-harmonic resonant current and a zero-gain point to the gain curve. Higher-order-
harmonics help to deliver power and the zero-gain point enlarges the gain range which
improves output THD and reduces the switching frequency range.

A 1.2 kW prototype is built to demonstrate the performance of the proposed
inverter. Zero-voltage-switching (ZVS) and zero-current-switching (ZCS) are achieved
on the primary side and secondary side, respectively. And 97.3% efficiency and 2.17%
voltage THD are achieved at full load condition, while 97.2% efficiency and 3.2%

voltage THD are achieved at half load condition.



Single-stage LLC Inverter by Using Multi-resonant Branches

Dong Jiao

GENERAL AUDIENCE ABSTRACT

The inverter is widely used to connect renewable energy into the grid by
converting dc to ac waveform, like photovoltaic (PV) technology. Basically, the two-
stage topology is usually used. The inverter would consist of two stages working in high
frequency, the first stage is dc/dc converter which can regulate the input voltage to the
desired bus voltage for the second stage, and the second stage is dc/ac converter. The first
stage works at a specific switching frequency, so it can be designed to achieve higher
efficiency in dc/dc conversion. The second stage also works at high switching frequency
and converts dc to ac commonly by using SPWM which changes the duty cycle ratio in a
sinusoidal pattern. The single-stage inverter only has one stage working in high
frequency while the second stage works at twice line frequency. The first stage converts

dc to rectified ac waveform and the second stage unfolds it to ac.

The topology of LLC resonant converter being applied for the first stage of the
single-stage inverter has been proposed. This topology uses variable-frequency-
modulation (VFM) which varying switching frequency on the primary side to output
different voltage levels. And it achieves zero-voltage-switching (ZVS). However, LLC
converter can hardly output very low voltage due to the flat voltage gain curve at high
frequency. Also, LLC converter only transfers the fundamental harmonic component to

the load. If the higher-order harmonic components help transfer power when the



switching frequency equals the resonant frequency, the current shape will be more like a

square wave and the peak of resonant current can be reduced.

This thesis proposes a topology that has two L-C resonant branches in parallel for
the resonant tank in the converter. And the paralleled resonant branches produce a zero-
gain frequency point into the gain curve so that the gain range is enlarged within the
reduced switching frequency range and 3™ harmonic component of the resonant current

helps to transfer power so that the rms value of resonant current can also be reduced.
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Chapter 1 Introduction

1.1 Background

Power electronics is developing rapidly, and the inverter is widely used in many
applications of daily life, including the computer, communication, power system,
aerospace, and so on. Inverters convert dc to ac waveform through switching operation of
semiconductor power switch devices. Among the existing power sources, common dc
sources include battery and photovoltaic (PV), and inverters should be applied if the load
needs ac input.

1.1.1 Multi-stage Inverters and Single-stage Inverters

Inverters can be basically classified into two sorts, which are multi-stage inverters

and single-stage inverters. Some merits and demerits of different inverter strategies have

been discussed in [1][2]. Multi-stage inverters commonly use dc/dc + dc/ac topology, as

Udt
Vdc,link lae
DC J_ DC _nn—wl_
: L-C
DC " AC

—. T B

presented in t

Figure 1.1, a dc/dc converter together with a voltage source inverter (VSI) or
current source inverter (CSI) is commonly used in connecting PV to the utility grid. This
topology can achieve high efficiency since dc/dc converter can be optimized to work at
maximume-efficiency frequency and VSI or CSI with proper input and controller can also

achieve maximum efficiency and good performance.



To convert dc voltage to a sinusoidal waveform, the sinusoidal pulse width
modulation (SPWM) technique is commonly used [3]. With a fixed switching frequency,
the sinusoidal waveform is created by varying the duty duration of each cycle that the
positive voltage is applied. By using SPWM, we can expect similar THD of output ac
voltage under different load conditions. Also, a L-C filter is required to smooth the output
sinusoidal waveform. Thus, the single-stage inverter can save the bulky dc-link capacitor
and L-C filter.

And single-stage inverters usually use dc/rectified ac + unfolding topology, as
presented in

Figure 1.2. Basically, single-stage topology can use the same circuit with two-
stage topology [4]. However, in single-stage topology, only the first stage switches at
high switching frequency to convert dc to rectified ac, and the second stage is to unfold

rectified ac into ac wave.
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Figure 1.1 Two-stage inverter

Vﬂ ut Vﬂ(

|c|u[ |HC

DC
Vin CZ Unfolder Load
Rectified
AC [ I
1

t

Figure 1.2 Single-stage inverter



The unfolding stage switches at twice line frequency and only switches at voltage
zero-crossing so that the switching loss from the unfolding stage can be ignored. And in a
two-stage topology, a large bus capacitor should be placed after dc/dc converter as energy
storage to attenuate 120 Hz ripple from the output side [5]. Single-stage topology uses a
small filter capacitor instead of a bulky bus capacitor since the output of the first stage is
not constant but variant.

Conventional single-stage inverters, including buck inverter, boost inverter, buck-
boost inverter which are using pulse density modulation (PDM), frequently suffer from
the low range of input voltage, component counts, control complexity, efficiency, and
power density. Reference [6] uses a flyback converter to achieve dc — rectified sinusoidal
wave. And reference [7] adopts a Cuk converter. Many other single-stage inverter
topologies [8][9][10][11][12] are presented with demerits and merits. For the converters
using PWM modulation method, hard-switching operation results in a low efficiency.
And rms value of resonant current is high when the duty cycle is low at low line output
because the conduction time in one single cycle is short [13].

To improve the waveform quality, multi-module stacking can be applied to both
two-stage topology and single-stage topology. References [14][15] proposed the concepts
of the multi-level inverter, and better THD of the output voltage can be achieved with the

increased number of stacked modules.

1.1.2 Single-stage Inverters Based on LLC Resonant Converter
LLC resonant converter is widely used in dc/dc conversion due to simple
topology, high efficiency [16][17][18][19]. The LLC circuit topology, equivalent circuit

and control strategy are presented in Figure 1.3, Figure 1.4, Figure 1.5 and Figure 1.8.



LLC resonant converter can achieve zero-voltage-switching (ZVS) at primary side
devices and zero-current-switching (ZCS) at secondary side devices, which saves
switching loss. Basically, the LLC resonant converter is used in dc/dc conversion since it
can be easily optimized at one single operating point. At the region that fs>f;, with low
voltage output, the primary side of converter may lose ZVS. The other shortcoming of
inverters based on LLC resonant converter is the flat voltage gain curve at high frequency
so that the low output voltage is hard to be achieved. And Figure 1.6 presents the gain
curves of LLC converter at half load condition in the orange curve and full load condition
in the blue curve. Under lighter load conditions, the gain at high switching frequency is
even higher which results in an even narrower gain range and worse THD of the output
ac voltage. The high switching frequency would result in high core loss in magnetic
components, like inductors and the transformer. In Figure 1.6, with the range of 340kHz
to 1.2MHz that the maximum switching frequency is nearly 4 times of the minimum
switching frequency, the gain range is from 0.22 — 1 in the full load condition while the
gain range is from 0.36 — 1 in the half load condition.

To achieve wider gain range that outputs lower voltage at the high switching
frequency, the half-bridge modulation method can be applied. Figure 1.7 and Figure 1.8
shows the hybrid control strategy. Output voltage is sensed and compared with a preset
sinusoidal wave reference. And a simple Pl controller is applied to adjust the switching
frequency and the gain. In the region 1, full-bridge mode can be applied for high line
region and in the region 2, half-bridge mode can be applied for low line region [20]. And
in the region 3, the power stage is shut down and the THD is sacrificed while the

efficiency can be saved. By applying half-bridge modulation method, the voltage gain



can be halved which is presented in Figure 1.9. The output gain is 0.36 at 1.2 MHz in the
full-bridge mode then the gain equals to 0.18 at 1.2 MHz in the half-bridge mode. With
the gain range of the half load condition compared to the full load condition, the THD of
the expected output waveform can be improved from 10.1% to 3.92%. Thus, the hybrid
modulation method could be a good solution for the wide-range ZVS and wide-range
gain.

Inverters based on LLC resonant converter use variable frequency modulation
(VFM) [21]. The rms value of resonant current is lower at low line region. However,

LLC resonant converter could generate more circulating energy.
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Figure 1.4 Equivalent circuit of LLC converter
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Figure 1.10 Waveforms and power delivery analysis

The resonant tank can be considered as a low-pass filter which can filter the
higher-order harmonics components. Essentially, only the fundamental component can be
allowed to flow through the resonant tank which delivers the power to the load. And the
resonant current is also a sinusoidal wave so that the higher-order harmonics components
of the square-wave Vi does not contribute to the power transferring. In the left side of
Figure 1.10, the current and voltage are both square waveforms, and the square

waveforms can be decomposed as a combination of odd harmonics according to the



Fourier Analysis, so virtually no circulating energy is generated [22]. For the resonant
converter, the primary side voltage is a square waveform, and the current is a sinusoidal
waveform that is presented on the right side of Figure 1.10, the higher order of harmonics
of voltage and current exhibit reactive power [23].

Inverters based on LLC resonant converter have demerits as followed:

(1) The voltage gain curve is flat at high frequency, and with lighter load
conditions, the gain at high frequency is even higher so that the gain range is
narrower or higher switching frequency is needed to achieve low output.

(2) Full bridge + half bridge VFM control method is not very easy.

(3) Only the fundamental component is delivered to the load and the higher-
order harmonics generate the circulating energy.

The multi-resonant branches strategy based on LLC converter [24] has been
proposed in dc/dc conversion. For easily distinguish, LLC converter using multi-resonant
branches would be called as the multi-resonant LLC converter, and conventional LLC
resonant converter would be stated as the single-resonant LLC converter. With the
proposed topology, at fs>f; in dc/dc conversion, the resonant current is reshaped as a
semi-rectangular waveform by combining a limited number of higher-order odd
harmonics of fundamental resonant frequency, and current rms is increased and the

current peak is induced, and power density is improved.
1.2 Research Object

This research aims to build a single-stage inverter based on LLC resonant
converter. However, an inverter using the conventional single-resonant LLC converter

has some demerits which are mentioned in the previous section. For the first and second



demerits, a zero-gain frequency point can be created and added into the voltage gain
curve so that the switching frequency range can be narrower, and the control method can
be easier. And for the third demerit, higher order harmonic component can be introduced
to help deliver power. Then the peak of the resonant current can be decreased at fs=f in
dc/dc conversion. Thus, a single-stage inverter using multi-resonant branches is

proposed.
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Chapter 2 Topology and Operation

2.1 Proposed Topology

The proposed multi-resonant LLC circuit is presented in Figure 2.1. The
difference between the single-resonant LLC converter and the proposed multi-resonant
LLC converter is the resonant tank. An additional L-C branch is paralleled with the
resonant tank of the single-resonant LLC converter. Devices Q5 — Q8 are the unfolding
stage works at 120 Hz which is twice line frequency. L1 and Cy1 resonant at the

fundamental frequency, and L and Cys resonant at the third harmonic frequency.
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Figure 2.1 Multi-resonant LLC circuit

The topology of resonant converter with multiple passive components has been
stated in some papers. The principle of the multi-element resonant converter is to create
several different resonant frequencies and to utilize the higher-order harmonics
components to reduce the circulating energy [22][25][26][27][28] in dc/dc conversion.
Like the conventional single-resonant LLC converter, the multi-element resonant
converter can be optimized at a single operating point. Reference [24] introduces the
topology with multi-resonant branches and optimizes the resonant current to be semi-
rectangular wave to maximum power density and minimize peak current.

11



2.1.1 FHA Model and Transfer Function

To the proposed converter, the fundamental harmonic approximation (FHA)
analysis is applied, the equivalent circuit is shown in Figure 2.2. Each L-C branch is
responsible for a specific resonant frequency. FHA methodology is widely used in the
resonant converter analysis [29]. FHA assumes that only the fundamental component of
the voltage input which is a square wave is delivered to the output. The advantage of
FHA is that it is simple to apply and easy to understand. Meanwhile, the issue of FHA
method is that it is only accurate when fs=f; since the method is based on the fundamental
harmonic and large error will occur when the switching frequency is far away from the
resonant frequency [30][31]. Reference [32] presents a set of more accurate equations
based on time interval analysis (TI1A) which can also be used to predict the performance
of LLC circuit, like the resonant current. And reference [33] introduces a model with
equivalent Lm to predict the performance of an LLC converter based on time domain
analysis. Even so, the FHA method can be used for the tendency of the performance of

the proposed converter.

4[“0’6(51_||
W o g

Figure 2.2 FHA model of proposed topology
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2.1.2 Wide Gain Range

The voltage gain curves under different load conditions are presented in Figure
2.3 based on FHA methodology. With different load conditions, the gain curves are
shown. With an additional LC branch, a zero-gain frequency point is introduced into the
gain curve so a wide gain range can be achieved with a limited frequency range. The
switching frequency range is circled with dot-line rectangular. The linear gain curve is
preferred in the region which is good for the control method so that the red curve in
Figure 2.3 is set as the full load condition. The two unity-gain frequency points are from
the resonant frequency of two branches, respectively. The zero-gain frequency point is

based on the two L-C branches resonant tank.

1

o o
f2= 1 C,C e
27T\/(M1 + Ly3) (#&3)
1
f3 e

B an
Thus, the switching frequency range is between f; and o which is much narrower
that the switching frequency range of LLC-based inverter. As presented in Figure 2.4, the
orange curve shows the gain curve of conventional single-resonant LLC converter while
the blue curve is the gain curve of the proposed multi-resonant converter. From the gain
curve, proposed multi-resonant LLC converter achieves wider gain range with a limited
frequency range compared to conventional single-resonant LLC converter. Narrower
switching frequency range is better for magnetic material selection and also can save

magnetic loss.

13



The gain curve of the proposed multi-resonant LLC converter has a zero-gain
point so the converter can reach zero voltage output theoretically. However, zero gain
cannot be reached because the gain curve shown in Figure 2.4 is based on FHA analysis
method which means only the fundamental component can reach zero while the higher-
order harmonics will contribute to the voltage gain. And with lighter load condition, the

3" harmonics gain is higher, so the real gain range of lighter load condition is narrower.

2.5 T T

50% Load
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Figure 2.3 VVoltage gain curve of multi-resonant LLC circuit
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Figure 2.5 Voltage gain curves with different resonant inductors

To reduce the effect of the 3" harmonics at high switching frequency, there are
two solutions which are decreasing the amplitude of the 3 harmonics component and

decreasing the phase difference of two harmonics components. A model can be

15



developed in the future to predict and control the phase difference between two
harmonics components.
2.1.3 Power Delivery by Utilizing 37 harmonics

Moreover, the additional LC branch brings another merit which is utilizing the 3™
order harmonics current component to help deliver power. Figure 2.6 presents an
example of two current waveforms with same amplitude but different average value.
Current i1 only has fundamental component while current i> consists of fundamental and
3" order harmonics. With the same amplitude, i> has 22% larger average value than i.
Therefore, with same power level, utilizing 3" order harmonics can reduce the amplitude

and rms of resonant current.

1.2

—sin(t)
’ . ~——1.15sin(t)+0.22sin(3t)
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0

Figure 2.6 current waveforms with same unity amplitude
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2.2 Control Strategy

Since the gain curve has a zero-gain point, the proposed topology can achieve a
quiet low output voltage, the control method only consists of two modes instead of three
modes, which is presented in Figure 2.7. In region 1, full-bridge mode VFM can be
applied, and the power stage is shut down in region 2 with the same reason that
sacrificing THD and save the efficiency. Since full-bridge mode VFM modulation can be
applied to whole line region, the control strategy is simpler than the hybrid full-bridge +
half-bridge mode.

The control methodology is simple that only a voltage sensor at the output is
needed. Set a sinusoidal reference wave and apply a PI controller to adjust the switching

frequency to track the reference shape.
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Figure 2.7 Simpler control method for proposed topology
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Chapter 3 Prototype Design and

Implementation

3.1 Resonant Tank Design

3.1.1 Operation Frequency Selection

The gain curves under different load conditions are shown in Figure 2.3. And the
operation frequency region is selected from f; to f, because ZVS can be achieved when
the slope of gain curve is negative in LLC resonant converter.

The input voltage across two middle points of the full bridge primary side is
excited as a square waveform. According to the Fourier analysis, the square waveform
only has odd harmonics. Odd harmonics transfer power and zero-gain frequency should
be kept away from the odd harmonics of the resonant frequency. Thus, to avoid
circulating energy at nominal condition, pick the zero-gain frequency at around even
times of the resonant frequency, namely f, = 2f;.

Then f3 should be designed according to the effect of 3 order harmonics. Like
case 1 in Figure 3.1, the gain curves in the switching frequency range and the 3™
harmonics range are both monotonic so that the voltage gain of the proposed converter is
monotonic and good for the control. Otherwise, like case 2 in Figure 3.1, the gain curve
in the 3™ harmonics range is not monotonic if the second peak gain point is larger than
the triple fundamental frequency which is in the 3" harmonics range. The gain is larger in

case 2 than that in case 1. Since the gain curves in switching frequency range and 3™
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harmonics range are not both monotonic so that it is hard to determine whether the

combination of the fundamental frequency component and the 3™ harmonics component

is monotonically decreasing with frequency growing. Based on the simulation, Figure 3.2

shows the gain curve based on case 2 in Figure 3.1 at half load condition, and the gain

curve is not monotonically decreasing with the increasing switching frequency, for

example, the voltage gain at fs=500kHz is larger than the voltage gain at f;==480kHz. And

the output voltage and the resonant current waveforms are shown in Figure 3.2. Thus, the

second peak gain point should be designed less than the triple fundamental frequency to

maintain the gain curve of the proposed converter to be monotonic, f; < 3f;.

o n
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d .
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|
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|
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Figure 3.1 Gain curves with different fs selection
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Figure 3.2 Gain curve of case 2 based on PSIM simulation

3.1.2 Weight Ratio between Currents from Two LC Branches

Based on the size of the inductor and capacitor in different branches, the weight
ratio of the current through different branches can be determined [24]. Assume that the
different resonant branches are independent in generating the resonant current. And same
voltage is applied across different L-C branches, a simplified circuit can be applied for all

of them, which is presented in Figure 3.3.

Ln Cn
|

T[] +Vn—
In

Vin out

Figure 3.3 Simplified circuit for L-C branch

The time-domain equations of the voltage across the capacitor and the current

going through L-C branch are shown in equation (3-1) and (3-2).
20



di,

LnEZVi —Vour —vn=Ve — vy (3_1)
dv. ]
Cnd—thLn (3-2)

Converting the two equations to the frequency domain, then equation (3-3) and

(3-4) are presented.

SLnInzT_Vn 3-3)
sC,V, =1, 3-4)
And then the magnitude of the current can be written below and w,, = ;C
V. W
g el o Gos)

- 2 2
Lyw, s* + wj

And the —2— term represents the sinusoidal signal with frequency w,,, so that the
s2+w?
% represents the magnitude of the current. Thus, the weight ratio of current from two
n*n

branches is as followed in equation (3-6). The item I3 ,, is the magnitude of current
through the 3" harmonic branch, and the item I,., ,, is the magnitude of current through

the fundamental harmonic branch.

Vel
Ir3,p _ Lrg(l)g Ly (3 _ 6)
Irl,p IVeI Lr3(‘)3
Lyywq

A simulation is done to verify this equation. Figure 3.4 presents the performance
comparison between single-resonant LLC and multi-resonant LLC. The multi-resonant
LLC is not optimized but adding a LC branch directly to an existing single-resonant LLC.
And with the help of 3" harmonics, multi-resonant LLC has lower rms value in resonant

current. Then split the resonant current of multi-resonant LLC into fundamental and 3™
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harmonics components which is shown in Figure 3.5. From the simulation result, the

W

r3,peak

eight ratio between currents from two LC branches is d

ripeak

= 0.54, and from equation

(3-6), the result is E”ﬂ = (.55 which can match the simulation result.
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Figure 3.4 Resonant current comparison between single-resonant LLC and multi-resonant

LLC at fs=f; in dc/dc conversion
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Figure 3.5 Weight ratio between currents from two LC branch of multi-resonant LLC

3.1.3 Leakage Inductor Effect

Determine the zero-gain frequency point:

f2=xfi
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Combined equations (2-1) (2-2) (2-3) (3-7), the relation between two resonant
inductors is presented in equation (3-8).

x2—1
Lrs =gzl 3-8)

Then if x is picked as 2, equation (3-8) can be written as L,; = %Lrl. Thus, the

ratio of two resonant inductors determines the weight ratio of the current components and
the zero-gain frequency point.

In addition, the leakage inductance of the transformer should also be considered
in the design. Techniques to minimize the leakage inductance are presented in reference
[34]. In the conventional LLC resonant converter, the leakage inductance of the
transformer can be involved in the resonant inductance easily. Likewise, in the proposed
topology, the leakage inductance is in series with the paralleled L-C branches, the
resonant frequency depends on L1+Li resonates with Cy1, and the zero-gain frequency
remains. Thus, the relation between two resonant inductors could be re-written. Equations

(2-1) (2-2) (2-3) (3-8) are updated. Also, Figure 2.2 can be updated to Figure 3.6.

Lr3 Cr3

Vin @ Ll']. Crl ng uRac

le

Figure 3.6 New FHA model of proposed topology
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1

fi= (3-9)
Zn\/(Lrl + le)Crl
f, = - 3 - 10)
= _
Cr1Cr3
27T\/(LT1 + Ly3) (Crl + Cr3)
f - (3-11)
3= -
277:\/(Lr3 + le)CrS
x% -1 2x?
Ly = 5—Ln 5= Lu (3-12)

If the relation between resonant frequency and zero-gain frequency is determined,
then there will be only one variable to design, which is Lr1. Figure 2.5 shows the voltage
gain curves based on different resonant inductors. With small resonant inductors, which
is the blue curve in Figure 2.5, the gain curve has a very sharp notch at zero-gain
frequency point, which is not friendly to the control at the low line region, and the
voltage gain at high frequency is not preferred. While with large resonant inductors,
which is like the green curve in Figure 2.5, the slope of the gain curve around resonant
frequency is also large, which is also not good for the control. And the third harmonic
current and fundamental frequency current are likely in-phase only at the unity gain
point, the phase shift between two current waveforms is small. With the gain decreasing,

the phase shift will be larger.
3.2 ZVS Performance

At low frequency that is close to the resonant frequency, the third harmonic
current and fundamental frequency current are likely in-phase, the total resonant current
is close to a semi-square wave. At high frequency, the phase shift between two harmonic

currents components is significant, the total resonant current may change the direction in
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one switching cycle, it will lose ZVS if the Coss 0f the primary device does not discharge
completely. Figure 3.7 shows the circuit loses ZVS at a low output voltage. From figure,

the resonant current has several zero-crossing points in one switching cycle.
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Figure 3.7 ZVS issue at low output voltage
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Figure 3.8 Voltage gain curves with different zero-point frequency
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To solve this issue, the voltage gain of 3 harmonics at the high frequency should
be reduced. Keep the resonant frequency unchanged, push the zero-gain frequency
higher. Figure 3.8 shows voltage gain curves with different zero-gain frequencies, and
with a higher zero-gain frequency, the gain at high frequency is lower. Then, the circuit
performance around resonant frequency does not change while the current performance at
high frequency is better.

From Figure 3.9(a), the zero-gain frequency is 680 kHz, and output is 86 V, but
the resonant current changes direction in a single switching cycle and it loses ZVS on the
primary side. While from Figure 3.9(b), the zero-gain frequency is pushed to 740 kHz,
the output is also 86 V, the circuit can achieve ZVS on the primary side. Thus, increasing

the zero-gain frequency can increase the ZVS frequency range.
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Figure 3.9 ZVS conditions at same output voltage with different zero-gain frequency

Thus, the main tradeoff during the design is as followed:
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(1) Push the zero-gain frequency point to be close to the second unity gain point
fs, the switching frequency range is wider while the effect of the 3™
harmonics at high switching frequency is smaller.

(2) With a smaller resonant inductor, the size of the passive components can be
saved, but the effect of the 3™ harmonics at high switching frequency is

larger.

3.3 Design methodology

As a summary, a flow chart of design methodology is presented below.

Determine f, f, is resonant frequency of L, and C4

v

f.=3f + f;is resonant frequency of L3 and C,;
3 - f,is zero-gain frequency
f2:Xff » x should be around 2

v

+ Ly is leakage inductance of transformer

Consider L N N - A
i fi= 21(Lyra +Li) Crt fa= 21,/ (Ly3+L1x)Cra
Adjust f2 - Push £, to higher frequency can improve
determine x ZV'S performance
B U G 17 o 25713
r3

¢ 9—x2

- + There is only one variable L, to design
Determine L, + Calculate other parameters C4, L3, Crs

27



2 m
( Rload=300Q
[ Rload=600Q
: 1
151 |
="
s |\
S 1t || [
g |I IlI \\ \ .
= 057 \
I\ _
0 - ' ' '
0 500 1000 1500 2000 2500

Switching Frequncy fS (kHz)

Figure 3.10 Voltage gain curves with different load condition

Besides, the different load conditions are presented in Figure 3.10. The blue curve
is from full load condition that the load resistance is 300 Q, and the orange curve is from
the half load condition that the load resistance is 600 Q. From the gain curves, the half
load case has high voltage gain at high frequency which makes it harder to achieve ZVS.
And the half load condition has higher 3@ harmonics gain which will affect the lowest

voltage gain when the switching frequency is close to the zero-gain frequency point.

3.4 Simulation Verification

Since the zero-gain frequency is picked as 740 kHz, f, = 2.17f;, L3 =
0.87L,; — 2.22Ly;, based on equation (3-12). Figure 3.11 is the updated multi-resonant
LLC by adding the leakage inductor L;; to Figure 2.1. The resonant elements are

designed in Table 3.1. Based on equation (3-6) and parameters from Table 3.1, the weight

. |
ratio of the two current components is -

r3peak __ l

ripeak 2
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And dc/dc simulation results are shown in Figure 3.12. The blue curves are from
the single-resonant LLC while the red curves are from the proposed multi-resonant LLC.
The top image shows the voltage gain of the two topologies is almost the same and the
bottom image presents the resonant current performance. The shape of the resonant
current of the single-resonant LLC converter is sinusoidal, while the shape of the
resonant current of the multi-resonant LLC converter is a combination of two sinusoidal
waveforms which are fundamental and third harmonic frequency. The rms values of
resonant current of single-resonant LLC and multi-resonant LLC are 10.7 A and 8.9 A at
full load, which is shown in Table 3.2. At half load, multi-resonant LLC can also save
rms value of resonant current. With the same output power, multi-resonant LLC has a
lower resonant current rms value so that the conduction loss of the primary side devices
can be saved. Since the gain curves of single-resonant LLC and multi-resonant LLC are
different except the resonant frequency point, so the comparison between the single-
resonant LLC and the multi-resonant LLC is only at the resonant frequency. Then the two
current components from two branches are shown in Figure 3.13. The red curve is the

fundamental component that works at the resonant frequency and the blue curve is the

r3,peak __

third harmonic component. The weight ratio of the two current components is d

ri,peak

7.28

Tion § Figure 3.12(a) shows the full load condition, and the resonant current of multi-

resonant LLC has a lower peak and lower rms value. Figure 3.12(b) represents the half

load condition.
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Figure 3.11 Updated multi-resonant LLC

Table 3.1 Resonant elements parameters

Parameters Value
L 30 uH
Cn 6.5 nF
Lr3 20 uH
Crs 1.06 nF
Leakage inductance Lik 2.13 uH
Magnetizing inductance Ln | 34 uH
Turns ratio 1: n 9:10
Resonant frequency fr 340 kHz

Switching frequency range fs
Vin
Vo

Rload

340 kHz — 650 kHz
380V
600 Vims

300 Q (1.2 kW) /
600 Q (600 W)

Table 3.2 Resonant current rms value comparison between single-resonant LLC and
multi-resonant LLC at fs=f,

Single-resonant LLC = Multi-resonant LLC

Ir.rms @ full load condition

Ir.rms @ half load condition
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Figure 3.12 Comparison between single-resonant LLC and multi-resonant LLC with
dc/dc simulation at resonant frequency (a) at full load condition; (b) at half load condition
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Figure 3.14 dc/ac simulation results (a) at full load condition; (b) at half load condition

Figure 3.14 presents dc/ac simulation at full load and half load. The three images
are output voltage, resonant current, and switching frequency range. At full load, the
output is 587.4 Vims and the resonant current is 5.6 Ams and THD is 2.19%, while at half

load, the output voltage is 588.7 Vms, the resonant current is 3.6 Arms and THD is 3.81%.
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Chapter 4 Experiments Results and Loss

Analysis

4.1 Test Result dc/dc

A multi-resonant LLC inverter is built according to the circuit diagram in Figure
3.11. The prototype is setup for 380 V¢c — 600 V4 at 1.2 KW output power level. The
parameters are designed and adjusted following Table 3.1. And additional components
information is shown in .

Table 4.1 Additional components selection

Component Device/Material

Q1-Q4 GS66516T
Rectifying stage diode SCS210KG
Qs5-Qs C3MO0075120K

Core of transformer and | ML91S
resonant inductors

The dc/dc conversion should be verified at first. And Figure 4.1 presents the dc/dc
simulation and test result at f;=344 kHz which is almost the resonant frequency. The test
is at the full load condition, the input is 380 Vqc and the output is 835 V4c which is the
peak voltage of a sinusoidal wave with 590 Vims. The light blue curve and the deep blue
curve present Vs and Vs of one low side switch in the primary side, and the purple curve

shows the resonant current in the primary side. ZVS is achieved and resonant current is a
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combination of two sinusoidal waveforms. However, the two harmonics components are
not completely in phase. The reason is that there is a deviation between the exact resonant
frequency and the calculated resonant frequency. And the phase difference of two
harmonics components grows when the switching frequency increases. The dc/dc
simulation and test result at f;=635 kHz at full load condition is shown in Figure 4.2. The
input is 380 VVdc while the output is 147 VVdc which is about 17% of the peak voltage of
the designed output sinusoidal wave. And ZVS is also achieved. Then the gain range is
from 0.17 — 1 so the THD of output ac waveform can be expected to around 3%

according to Figure 1.9.

-[b S[Op ” — — - I —
Vo2 i :
860 A s Py
855 W/\_\/W _ _ Vgs(2Vydiv)
850 ; e _va--u,,-gj . ot somsmtnee ,;;L,i
845 Vo SRR :
840 el NS N ) I
: w ¥ “ |
10 \ . " : \'\/
0 L \ T L(BAMdIV) |
r
g I L -
alue ean in ax By 8 Jun 2021
E’Frequen:y gd‘d OkHz :144 Ok 5443 Gk I’La.bk g:dz?ué% J :UfUL;‘G
[ 3 XS 7.208 6.88 3.28 7.20 405m
Figure 4.1 dc/dc test at fs=344 kHz at full load condition
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Figure 4.2 dc/dc test at fs=635 kHz at full load condition
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4.2 Test Result dc/ac

As shown in Figure 4.3 and Figure 4.4, the yellow curve is the output voltage Vo,
and the red curve represents the resonant current Ir in the primary side. For the full load
condition, the output is 587.4 Vs, the efficiency is 97.3% and THD is 2.17%. For the
half load condition, the output is 588.7 Vms, the efficiency is 97.2% and THD is 3.2%.
The THD at half load condition is worse because the lowest voltage gain of the half load
condition is higher, so the gain range is narrower that results in a worse THD. Under
different load conditions, the THD is much better than the performance of the single-
resonant LLC inverter [20]. The peak of the resonant current is lower compared to the

single-resonant LLC inverter.
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Measure FifreqiC1) PZmax{C1) FIms(C1) P4rms(CE) FSms(C4) Perms(C3) PT:mean(C2) Fe--
value 58996163 Hz BITV SBITV 53204 103 mv 5830V “14ma
status _ v v v v v v

— [Timebase -100 ps| [Trigger €1 OC |
350 Vid
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Figure 4.3 dc/ac test result at full load condition (1.2 kW)
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Measure P1freq(C1) PZ:max(C1) P3:tms(C1) P4rms(C2) P3rms(C4) PG:rms(C3) PT:mean(C2) PR
value 59962330 Hz 837V 583.1V 32044 101my 5855V -2BmA
status v v v v v v v
€1 Bwod
350 Vidi
0,00V ofs

Figure 4.4 dc/ac test result at half load condition (600 W)

4.3 Loss Breakdown

The total power loss consists of conduction loss and switching loss from the
primary side and secondary side, and magnetic loss from the transformer and inductors.
The switching loss of the unfolding stage can be ignored since the switches of the
unfolding stage works at twice line frequency which is only 120 Hz, and it is nothing
comparing to the switching frequency that works at hundred-kHz level. The summary of
power stage components losses is shown in Table 4.2. And the core loss of the
transformer and inductors is calculated based on Figure 4.5. The core loss result is an
estimation since the equation and the parameters are all based on a toroidal core. The

magnetic components that used in the experiments use PQ50/50 and PQ50/35 core.
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Table 4.2 Summary of power stage components losses

Primary Side Device Conduction Loss Ppricona = Ijri‘rmsts(on) 4-1)
. . . - 1
Primary Side Device Switching Loss Pprisw = EVDSIDSf:GtSW,off (4-2)
Rectifying Stage Diode Conduction Loss Preccona = f Lsoc Vi (4-3)
Capacitor ESR Conduction Loss Pgsp cona = limsREsr 4-4)
P., = k-Bm%fB (4-75)
Core Loss Bm = max (4 —6)
NA,
P.ore = P., X (core volume) (4 —7)
Pcv=k-Bm®-f®
Pcv -core loss (KW/m?) k : coefficient
f -frequency (Hz) a,p :exponent
Bm :magnetic flux density (T)
Frequency(kHz) Temperature(°C) K a B
23 4 098E-05 3.020 1.786
ML9SS 500-1000 100 8.090E-06 3536 2011
23 6.490E-06 52108 1.938
MLITS 500-1000 100 2 022E-07 3.553 2241

- Toroidal core: OD14,I1D7, TH5mm (ML95S,ML91S)
-Measurement system: SY8218 (IWATSU)
*Bm for ML91S should be less than 50 mT.

Figure 4.5 Mn-Zn ferrite core loss data from Hitachi Metals

From the experimental verifications, the measured power loss from the

experiments at full load condition is 31.4 W. Based on the PSIM simulation and

calculations, at full load condition that the output power is 1.2 kW, the total loss is 27.8

W, the major loss comes from secondary side conduction, transformer, and resonant

inductor. Compared to the conventional single-resonant LLC converter in dc/dc

conversion, the magnetic loss will be larger because of the varying switching frequency
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and varying output voltage at the transformer which results in higher Bmax and then higher
core loss.

Besides, the channel turn-off loss of switches in the primary side is also larger
because the turn-off current can be expected to be higher to guarantee the achievement of
ZVS in the wide gain range. The difference between the loss from experiment and the
loss from simulation is 3.6 W which could be from the magnetic components due to the

rough core loss calculation. Loss breakdown at full load condition is presented in Table

4.3 below.
Table 4.3 Loss breakdown
Full Load
Primary side conduction loss 1.77TW
Primary side channel turn-off loss 2.62 W
Secondary side conduction loss 7.08 W
Unfolder conduction loss 0.59 W
Transformer loss 7.2TW
External inductor L1 loss 6.56 W
External inductor L3 loss 0.62 W

Capacitors ESR loss (Cr, Cp & voltage doubler capacitors) | 1.28 W

Total 27.79 W
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

It is proposed in this thesis that achieving a single-stage inverter based on LLC
converter by using multi-resonant L-C branches. The work consists of the analysis of
theoretical topology model, resonant tank design, simulation, implementation of
hardware, and experimental verification. With the proposed multi-resonant LLC inverter,
the switching frequency range can be narrower, the gain range of the converter can be
wider and THD is better compared to the single-resonant LLC inverter. And wide-range
ZVS is achieved compared to other inverters which use PDM modulation method.

There are two L-C resonant branches, the first branch resonates at the
fundamental resonant frequency, and the second branch is responsible for three times of
fundamental frequency. The merits of the proposed resonant tank are wide zero gain
range and power delivery capability.

The voltage gain can be theoretically close to zero so that the wide voltage output
range can be achieved in a limited switching frequency and good THD can be obtained at
different load conditions. In the conventional single-resonant LLC converter, switching
frequency would go to MHz level to get a low voltage gain even with half-bridge mode,
while the multi-resonant LLC can get a quite low voltage output at around twice the
resonant frequency. Also, the control method can be simpler, and a combination of
different modes is not needed.

The dc/dc simulations working at resonant frequency are made to compare the

conventional single-resonant LLC converter and proposed multi-resonant LLC converter.
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The resonant current of the proposed multi-resonant LLC converter has a lower
amplitude and a lower rms value at fs=fr, in dc/dc conversion. It can save 16.7% current
rms at full load and 18.6% at half load. The dc/ac simulations are made for loss
breakdown analysis. The demerit of the design is the magnetic loss of the additional L-C
resonant branch.

A prototype is built to verify the design and it achieves 97.3% efficiency and
2.17% THD at full load condition, and 97.2% efficiency and 3.2% THD are achieved at

half load condition.
5.2 Future Work

Most analysis in this thesis is based on fundamental harmonics approximation and
the model is only accurate at the resonant frequency, and the 3™ harmonics component is
only taken into consideration at fs=f; in dc/dc conversion. The reason is that the
fundamental harmonics and 3™ harmonics are in phase only at the switching frequency
equal to the resonant frequency while there will be a phase difference between the
fundamental component and 3" harmonics component when fs>f,. Then the effect of 3™
harmonic is hard to estimate, and the 3 harmonic component is usually avoided in the
design. However, higher-order harmonics can help deliver power with an appropriate
design. Thus, a model could be developed to show an accurate gain curve of the resonant
converter that combines the effect of fundamental component and higher-order harmonics
components.

In the thesis, the load is constant-resistance load, so the control strategy is easy and

only a voltage control loop is needed. And this prototype can be developed to be a grid-
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tied inverter. And then the control strategy should be modified, and a current control loop

should be included.
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