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Abstract

This study investigates the application of a combined modulation approach, integrating both phase shift
modulation (PSM) and pulse width modulation (PWM), in driving a bidirectional Capacitor-Inductor-
Inductor-Capacitor (CLLC) dual active bridge (DAB) resonant converter. Unlike conventional hybrid
switching techniques, wherein the system toggles between PWM and PSM signals, this proposed
method introduces a unified modulation signal for the switching process. The dynamic control of two
modulation parameters, namely duty ratio and phase shift angle, plays a pivotal role in shaping the
switching sequence. Adopting this innovative methodology yields notable advantages, such as reducing
output ripple and preventing resonant effects on the desired output waveform. The implementation of
this system is carried out using the MATLAB/SIMULINK program, facilitating comprehensive
validation across various operational modes such as buck, boost, and unity operations.

Keywords: PI control, combined modulation, phase shift modulation, pulse width modulation, CLLC
resonant converter

1. Introduction

Power converters have a significant role in a wide application area, and they ought to provide
more efficiency and flexibility day by day [1, 2]. Electric vehicle (EV) charging systems widely
use DC-DC converters [3]. Bidirectional resonant converters are generally preferred due to their
numerous advantages [4]. One of them is the inherent zero-voltage switching (ZVS) and zero-
current switching (ZCS) capability at the primary and secondary side of the converter,
respectively, which verifies its high efficiency characteristics [5]. The LLC converter's
unidirectional operation prompts the introduction of a bidirectional full bridge CLLC resonant
converter. Additionally, CLLC resonant converter eliminates the requirement of snubber
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circuits [6]. The ability to provide exactly the same power conversion and efficiency for both
forward and reverse energy flow [7], especially, makes it suitable for EV charge applications
since EVs can be both energy storage or consumption component of grids. Moreover, as DC
Transformers (DCXs), CLLC resonant converters are an attractive choice because of their high
efficiency characteristics [8]. There are many studies with DCXs used in various applications
like energy storing applications, vehicle-to-grid (V2G) applications, or AC/DC microgrid
applications, as discussed in [9-11].

Power converters are able to serve higher power factor, lower harmonics, and rapid responses
as control strategies are developed and optimized [12]. DAB topology is commonly used
together with CLLC topologies, and, since soft switching is challenging for the DAB converter,
there must be a complex control structure for modulation [13].

Each control method focuses on handling the desired yield value of a system. Controllers
provide preset values at the output terminal for power converters. The study [14] confirms a
control principle that relies on a variable phase difference. Besides, an analysis of multiphase
shift control is evaluated in [15]. There is a discussion and compilation of modulation strategies
on [16], in which pulse frequency modulation (PFM) is mentioned as the one that is most
commonly used. However, a wide range of frequency variations cause complications in the
design and optimization of magnetic components, driver circuits, and EMI filters [16, 17].
Hybrid modulation techniques are developed to expand the converter's efficient range. A more
stable output voltage claimed by many researchers proposed a combined usage of other control
methods with PFM [18].

Some fixed frequency control techniques like PSM and asymmetrical pulse width modulation
(APWM) are mentioned in [17]. However, all of these fixed frequency control techniques,
including PSM and APWM, experience a loss of ZVS for a wide input voltage range when
operating under light load according to [17]. The paper [19] presents a novel APWM control
strategy to overcome this restriction. This method regulates the asymmetric gate signals at a
resonant frequency for both upper and lower switches. There is another modulation strategy
proposed in [20]. The study says that a PFM+PSM hybrid control strategy helps to raise
efficiency and power density by reducing the range of switching frequencies. In short, there are
considerable numbers of articles that investigate different types of single or hybrid modulation
techniques. Some of the techniques mentioned in [21-24] include resonant frequency
modulation (RFM), PFM+PWM hybrid modulation, and PSM+PFM hybrid modulation.
Similar control techniques can be used for different power topologies, as [25] proposes a hybrid
intelligent controller for a PV system.

In addition to different ways of controlling, CLLC converters have synchronous rectification,
which gets rid of the voltage drop caused by the body diodes of the rectifying side switches.
Studies [26—-28] show some synchronous rectification methods and processes.

This paper is an extended work that describes the design and implementation of combined
control techniques of PWM and PSM using a bidirectional DAB CLLC resonant converter with
Continues Conduction Mode (CCM) operated at 11 kW. The method might be applied to
various power converter topologies, on the other hand, the motivation behind this study is there
IS not any past study in literature that applies instant PWM&PSM combined modulation to a
DAB CLLC resonant converter. In general, the paper is organized as follows: Section 2 clarifies
the operation mode of the bi-directional CLLC-resonant DAB converter in CCM. Section 3
delves into the proposed control method for the converter and pinpoints its parameters.



Simulation results validate the operation of the bi-directional CLLC-resonant DC-DC converter
in Section 4. Section 5 summarizes the main findings in this study.

2. Circuit description and operation

In power electronics, the best choice for the application must be chosen. To explain more, power
electronic circuits are designed to achieve the desired result with the available maximum
efficiency, lowest cost, and smallest size. CLLC resonant converters are very popular as DCX,
so they are widely used in DC power conversion processes.

DAB CLLC resonant converter consists of eight switches, resonant tank components, a
capacitor and an inductor, and a transformer. As shown in Fig. 1, this converter has a
symmetrical structure, which allows bidirectional energy flow operation.
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Figure 1. Bidirectional DAB CLLC resonant converter topology

Moreover, the switches on the rectifying side can also satisfy synchronous rectification (SR).
SR prevents the losses of the body diodes by eliminating forward voltage drops. Next, Table 1
provides the circuit components, specifications, their values and units.

Table 1. Converter specifications.

Notation Value Unit
Primary battery | 700-800 V
Secondary battery | 550-800 V
Lrp 36 uH
Lrs 22 uH
Lm 160 },lH
Cnp 132 nF
Crs 216 nF

In this topology, a varying duty ratio switching signal drives Q1, and an identical one with a
varying phase shift angle drives Q3, while the lower switches, Q2 and Q4, operate
complementary to the upper ones, respectively.

A sense loop finds the resonant current on the input side and then creates switching signals that
stop the diodes on the rectifier side from dropping their forward voltage. This makes
synchronous rectification possible. By simultaneously adjusting these two parameters, duty



ratio and phase shift angle, the converter can be operated in buck, boost, and unity mode. The
related equation between the input and output terminal voltages at steady state is formulated as
given in Eqg. (2).

V= Gpx—xV, 1

where Vp is primary and Vs is secondary side terminal voltages, Gr is the forward resonant tank
gain and n is transformer ratio.

Vice versa, relation between two sides of the system during reverse energy transmission is given
by the Eq. (2).

Vs =G xnx (2)

where G is the reverse resonant tank gain. Since the switching frequency and transformer ratio
remain fixed, the equations encompass all buck, boost, and unity operations. Phase shifting and
pulse width adjustment hold the required conversion. Fig. 2 illustrates two alternating cycles in
both forward and reverse transmission, while Section 3 discusses the system's more detailed
working principle, control strategies, and proposed modulation.

Figure 2.a Forward non-shifted leg operation

In forward energy transmission, primary DAB switches employed to inverting process. Fig. 2.a,
shows the current flow path while non-shifted pulse switching the switch Q1. At the same time,
Q4 is also in conduction mode.

With a phase shift angle of ¢, switches Q2 and Q3 become in conductive mode as illustrated in
Fig. 2.b, thus, second half of conducting period has been completed by current flow on implied
pathway.



Figure 2.b Forward shifted leg operation

Figure 2.c Reverse non-shifted leg operation

For the reverse mode operation, Fig. 2.c reveals the non-shifted switching sequence of
secondary DAB, where current flows through Q7 at upper and Q6 at bottom.

Finally, Fig. 2.d illustrates the reverse shifted switching operation of the converter. At this time,
switches Q5 and Q8 are in conduction.

-

Figure 2.d Reverse shifted leg operation

3. Control and modulation strategies

Control systems are designed to stabilize the output of the plants under varying input voltage,
load, or environmental conditions. PI controller is one of the most the most common control



method preferences in power electronics applications. The output of the controller is a driving
signal, which could be generated in several modulation types.

This paper mentions some modulation types briefly and investigates a combined PWM&PSM
modulation that adjusts pulse width and phase shift angle instantly. There are three different
fixed frequency modulation methods that are compared in [29]. A PSM+PFM hybrid control
strategy is focused [23, 24] to handle the challenges of some disadvantages of the CLLC
resonant converter. Furthermore, another study [30] asserts that a PWM+PFM hybrid
modulation strategy leads to a higher power efficiency. These types of research aim to improve
the efficiency of the system while minimizing the size of the circuit. Furthermore, they
generally are presenting new methods to eliminate systems’ boundaries or widen them up.

Apart from common hybrid techniques, this paper presents a combined modulation method.
Unlike switching between modulation types, each modulation affects the switching signal
simultaneously. Fig. 3 depicts a block diagram of the system operating in the reversal CC mode.
Basically, there are two independent control loops that track current or voltage (depending on
CC or CV charge) and supply power at the output terminal. Two separate Pl loops synchronize
to determine the modulation parameters, while a pulse generator carries out the remaining tasks.
Section 4 will present a detailed MATLAB simulation study, revealing voltage, current, and
switching signal waveforms, among other ones.

The gain of the system depends on several parameters; they are resonant components, resonant
frequency, switching frequency, Q factor, and implicitly load resistor. From fundamental
harmonic analysis (FHA), as considered in Eqg. (1), forward gain can be calculated by
considering following equations: Eq. (3), Eq. (4), Eq. (5), Eq. (6) and Eq. (7).
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Figure 3. Block diagram of the general control process
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where h is the ratio of magnetizing inductance to primary resonant inductance, g is the ratio of
the secondary capacitance to the primary capacitance and wn is the ratio of switching frequency
to resonant frequency, whilst

Qf :\/% (6)

Req
where
8+n?
Req =2 * Ripaa (7)

The system has a resonant frequency of 73 kHz, and the switching frequency is 25 kHz.
According to equations above, gain curve of the forward operating CLLC resonant tank up to
250 kHz with different Q values could be observed on Fig. 4. Additionally, Fig. 5 shows a
zoomed view to gain curve at switching frequency.

Without any adjustment on phase shift angle and pulse width, Eq. (1) reveals the relation
between input and output voltages. Besides, required voltage/current and power regulations are
accomplished by two control loops.
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Figure 4. Resonant tank forward gain curve with related Q values



Resonant Tank Gain Curve
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Figure 5. Resonant tank forward gains at switching frequency

4. Simulation studies and discussion

The section above concludes with an explanation of the open-loop control principle. When it
comes to closed control loops, it is crucial to continuously track the desired system parameters.
In Fig. 6, a flowchart-based process implements the presented modulation strategy. Following
the steps outlined in the chart, the system continuously monitors the state of charge (SOC) status
of the batteries, as well as any voltages or currents flowing through the batteries and the power
supply at the output side. As anticipated, the system transfers energy from the battery with a
higher state of charge (SOC) to the one with a lower SOC until both batteries reach the same
SOC level. Next, the controller determines energy flow direction and operation mode. Given
that the CLLC tank exhibits a gain greater than 1 in both forward and reverse operations, it
appears to be operating in the boost mode.

PSM and PWM are the key points for the unity and buck mode operations. To understand and
have a closer look at the system, a MATLAB/Simulink simulation was performed.
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Figure 6. Flowchart of combined modulation strategy

CLLC resonant converter topology in SIMULINK is given by Fig. 7, and for a primary battery
of 800V, 50 kWh, and 40% SOC and a secondary battery of 550V, 50 kWh, and 60% SOC,
energy transfer will be from the secondary side to the primary side, i.e., reverse transmission.
The energy transfer will continue until the batteries' State of Charge (SOC) equals 50% for each
battery. Furthermore, if the output side voltage exceeds the input side voltage, the converter
will operate in boost mode. Resonant tank gain is 1.4933 at that time, so that, the output voltage
can reach up to 1026 V.
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Figure 7. CLLC resonant converter structure in SIMULINK
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The remaining regulation could be accomplished by varied modulation techniques; even this
paper presents a combined PWM&PSM structure. The flowchart implements a PI controller
loop that follows the reference voltage/current to adjust the switching signal's width. Similarly,
another loop adjusts the reference power of the converter, which is 11 kW, and then creates a
phase shift angle to delay between the two legs of the DAB, thereby meeting the system
requirements. Fig. 8 reveals switching signals at steady state condition. Currently, duty ratio is
around 58.45% and phase shift angle is around 113.7 degrees. Since the converter operates in
reverse mode, these signals switching the switches Q5 and Q7, respectively.
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Figure 8. Steady state switching signals

The combined modulation provided by few steps. As could be observed on Fig. 9, first,
switching period calculation with 25 kHz of switching frequency, which equals to 40 s, is
done then, a sawtooth reference creation for non-shifted switching pulse, phase shift angle
implementation as time delay, a sawtooth reference creation for shifted switching pulse,
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multiplication of duty cycle with switching period and lastly comparison with related sawtooth
samples is performing in an order.
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Figure 9. Pulse generation procedure

As a result, the system reaches smoother voltage and current signals at the charge terminal,
whilst keeping its efficiency. The lower ripple and lower resonant effect could be observed in
Fig. 10 and Fig. 11, respectively.

To affirm the stability of modulation, an instant replacement of batteries on both sides was
performed. For all the batteries with 50 kWh capacity, a nominal 800 V and 550 V batteries are
connected to primary and secondary side terminals of the converter at the beginning,
respectively, then, at 0.5 seconds, a 750 V and a 700 V battery substitute the ones already
connected to the terminals.
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For this transient response interval, duty cycle and phase shift angle are readjusting by their
control loops, which Fig. 12, and Fig. 13 show both, from the beginning to the end.
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Figure 12. Pulse width during two transient and steady state time intervals (Primary battery:
800V to 750V and Secondary battery: 550V to 700V)
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Figure 13. Phase shift angle during two transient and steady state intervals (Primary battery:
800V to 750V and Secondary battery: 550V to 700V)

Also, all the buck, boost, or unity operations in both forward and reverse mode is tested by
changing the batteries at both sides of the converter simultaneously. As presented for reverse
buck operation, next, there are many test conditions, where a few listed in Table 2.

Table 2. Possible response scenarios test conditions.

. Secondary Energy
Primary battery battery Elow
800V - 750V 550V Reverse
700V - 800V 800V Reverse
750V 800V - 550V Forward
750V 750V > 700V Forward
800V - 750V 550V > 700V Forward

Before the break point, when t at around 0.4 to 0.5 seconds, and after the system becomes steady
state condition. Later than break, when t at around 0.7 to the end, system reaches steady state
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condition second time for two battery combinations. The variation on the output voltage and
current waveform is given in Fig. 14 and Fig. 15, respectively.
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Figure 14. Charging side voltage variation when batteries on both sides are replaced
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Figure 15. Charging side current variation when batteries on both sides are replaced

The system can handle with instant charge power variation. At t = 0.4 seconds, the converter
starts to operate in half power and then at t = 0.7 seconds, becomes full power of operation
again. The following figures show the voltage and current waveforms of charging side of the
converter and power percentage with respect to converter maximum power. As observed in
figures 16, 17 and 18, the system can handle instant power decrement/increment, then continues
its operation.
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Figure 16. Charge voltage variation when full-load/half-load test is in progress
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Figure 18. Converter efficiency percentage when full-load/half-load test is in progress

Scenarios are simulated one by one, similarly, and related figures, figure 19, 20 and 21, show
the results. Variations on duty ratio, phase shift angle, output voltage and currents appended
respectively representing second, third and fourth scenarios according to Table 2.
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Figure 19. Simulation waveform results for scenario two (Primary battery: 700V to 800V and
Secondary battery: 800V)

042 002

42004

15



Third scqnario simulation result_s

§ y
= e
> 08 | —
- X042 '
a ¢ Y 0.584384
a1 02 93 24 a3
Time (sec)
" ' 2 o4 ) § od ’
. |
& % 042
35,. X 0.42
o Y 140584
235 : 1

Steady state
voltages (V

oy - - - - 1
T
"”M\rv

’ € rooa2 s ) FOOOA © roooe 0 X
Wiy '
2t
.x-\/\/\/\\/\/
04 ron

’,7 ;:‘C.‘Ivﬁy state tme m;cr\.al 1;;» 7 ?. ";l;-ady '.’.:'.c ome .l;;c'-val 1',01)
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Secondary battery: 800V to 550V)
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Figure 21. Simulation waveform results for scenario four (Primary battery: 750V and
Secondary battery: 750V to 700V)

As evaluated, presented and simulated in sections, a new combined modulation strategy is
proved to operate to control bi-directional CLLC resonant converter. Apart from common
hybrid modulation techniques studied in [18, 20-25, 30], the PWM&PSM combined
modulation is validated to operate with simultaneous parameter variation as could be observed
in figures 10, 11, 19, 20 and 21.

5. Conclusion

In this study, a proposed combined modulation strategy integrating PSM and PWM is
implemented using the MATLAB/Simulink program. The focus is directed towards its
application on a bi-directional CLLC DAB converter, aiming to assess its efficacy in achieving
the desired output reference, particularly in comparison with employing a single PSM and
PWM control techniques. While numerous hybrid modulation strategies are documented in
existing literature, they typically involve toggling between different modulation types. In
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contrast, the proposed combined method directly influences both the pulse width and the phase
shift angle between the legs of the DAB converter. As explained in preceding sections, the
introduced modulation system effectively manages to attain the reference values. Furthermore,
it exhibits capabilities in reducing output ripple, mitigating modulation effects, and closely
approaching the desired charge power target of 11 kW. The utilization of this combined
modulation technique presents a viable alternative to conventional single-switching
modulations, showcasing promising prospects for enhancing the performance of DC-DC
converters. The study further may provide a printed prototype, be tested for EMI/EMC
compability, and finally be produced as a final product.
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