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Abstract — In this study, analysis and control of a highly
efficient, high power full-bridge unidirectional resonant LLC
solid state transformer is discussed. A combination of Pulse
Frequency Modulation (PFM) and Phase Shift Modulation
(PSM) is utilized to control this resonant converter for a wide
load range. The converter is designed to maintain soft switching
by using a resonant circuit to minimize the switching loss of the
high frequency converter. Zero-voltage-switching (ZVS) is
achieved for the H-bridge converter. The ZVS boundary for the
proposed combined control method is also analyzed in detail. The
experimental setup for the suggested configuration was
implemented, and the performance of the proposed control
scheme and resonant LLC solid state transformer have been
verified with test results. The proposed combined control scheme
improves control performance. The obtained results show that,
the proposed system can regulate output voltage and maintain
soft switching in a wide range of load. Thus, the efficiency of the
system is improved and an efficiency of 97.18% is achieved.

Keywords— DC/DC converter, resonant converter, soft-
switching, solid state transformer.

I. INTRODUCTION

The Solid-State Transformer (SST) is a type of power
electronics converters, which can properly meet the
requirements of the new grid architecture [1]-[3]. The SST is a
combination of a high- or medium-frequency transformer and
multiple power electronics converters [4]. Medium - or high-
frequency SSTs are becoming very common due to their
superior advantages such as providing galvanic isolation,
preventing common mode circulating current, extending step
up/down range, and improving protection capabilities in a
compact size [5], [6]. The size and weight reduction is the
main motivation behind the studies on SSTs, since it directly
affects the system initial investment and operational costs. In
addition, their voltage and power level increase with the recent
introduced soft magnetic materials and high frequency-high
voltage semiconductor switches [7].

Furthermore, having multiple power electronics stages in a
SST empowers online monitoring and active control of the
system parameters. Integration of a SST into the grid can
potentially offer several functionalities in a smart grid
configuration including protecting each of the loads and power
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system from disturbances at the other side, providing DC ports
for direct integrating of distributed generation and energy
storage systems, and active supporting of the voltage and
power profiles [8], [9]. However, the high switching loss in
the multiple high-frequency conversion stages of the converter
is one of the main challenges in realizing efficient SST
topologies for different applications [10]-[12].

Although, full-bridge PWM converters are very common in
the SST applications, increasing of the switching losses due to
the high frequency switching, limits the level of the practical
high frequency operation and size improvement of the SST
[13], [14]. Therefore, the phase-shifted full bridge (PSFB) and
dual-active bridge (DAB) converters, providing zero-voltage-
switching (ZVS), are used in the SST applications. Even
though these converters provide ZVS for primary switches,
ZVS is lost at lower load conditions. Several techniques are
introduced to extend the ZVS operation range. However, these
techniques suffer from high circulating current [14], [15], and
they usually require additional components which increase the
system cost and complexity.

Achieving soft-switching through resonant circuit is an
effective solution to tackle this problem. This can significantly
improve the efficiency of the converter. Different resonant
SST configurations have been discussed in the research
papers. A LLC converter based SST is presented in [16] for
constant voltage applications. Since both input and output
voltages are considered as constant in this article, the
switching frequency is kept constant at 20kHz and 93%
efficiency is obtained [16]. A topology for a CLLC resonant
SST is presented in [17]. This topology provides soft
switching for a bidirectional low voltage DC-DC converter
which is beneficial for applications like uninterruptible power
supply and 97.8% maximum efficiency value is obtained. In
this paper, a complex dead-band control at sub-resonant
frequency is used, and the switching frequency is limited at
the resonant frequency. The LLC resonant converters are
illustrated in multiple studies [15], [18]-[19]. In general, the
LLC resonant converter topologies enable ZVS and high
power factor for the resonant tank [18]. The focus of the
research in [18] is on reducing the leakage inductance to
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improve the efficiency. To achieve this goal a resonant
capacitor is connected in parallel to the magnetizing inductor
through an auxiliary winding. It is reported that 92.5%
efficiency is obtained with 300W prototype. In [15], a hybrid
topology including an LLC resonant converter and a DAB
converter is introduced and analyzed to combine the
advantages of both topologies. While the LLC resonant
converter operates at its resonant frequency and supplies the
load for low load conditions, the DAB and LLC resonant
converters supply load together for higher load conditions to
extend the ZVS operation range. However, the efficiency
values are not presented. This paper mainly focuses on the
mathematical modeling of the configuration and control
scheme for the voltage and current adjustment.

The aforementioned LLC converter solutions mostly
employ pulse frequency modulation (PFM) method to control
the output voltage. This method is developed based on the
gain equation of the LLC converter. However, in the case of
higher input or lower output voltages than designed values or
low load conditions, very high switching frequencies are
required. In addition, higher magnetization inductance values,
which is chosen to limit the circulation current and improve
the efficiency, decreases the slope of the gain curve. This
results in a higher switching frequency requirement for the
same gain. This high frequency value may limit the practical
applications or decrease the efficiency of the converter.

The Phase-Shift Modulation (PSM) method is another
control scheme applied to control the LLC resonant
converters. In this method, a phase-shift is applied between
the full-bridge inverter legs, and thus a second gain
coefficient, which is independent from the switching
frequency, is obtained. This second gain can be controlled
between 0-1 with the phase-shift angle. This enables limiting
the maximum switching frequency and provides a wider range
to select optimal magnetization inductance to reduce circuiting
current, and improves the efficiency. In [20] and [21], the
PSM control is only applied during the startup process to limit
the inrush current. The switching frequency is kept at its
maximum value, and then phase-shift is linearly increased
until half of the period to obtain smooth startup performance.
However, the efficiency improvement via the PSM is limited
at startup. In some applications, especially in constant power
applications when very narrow regulation is required, the LLC
resonant converter is designed to operate in the vicinity of the
resonance frequency that they are theoretically the most
efficient, and switching frequency is kept constant at this
value. The gain is controlled with PSM method [22]. Some
topologies which employ auxiliary active and passive
components with modified phase-shift control method, are
also presented to obtain wide operation range at constant
switching frequency by sacrificing the simplicity of both
converter topology and controller [23], [24]. In [25], the
maximum switching frequency is defined as the resonant
frequency, and when it is reached, the switching frequency is
kept constant and the PSM is used to control. This method

enables more optimal LLC resonant tank design. However, the
main efficiency improvement is obtained for low load
conditions. In this topology, for the heavy load conditions, the
operation frequency is not close to the resonant frequency that
gives the maximum efficiency. In [26], the PSM is applied to
LLC resonant converter to limit the switching frequency for
the low load conditions. The PFM is used to control the output
voltage of the converter. Once the defined maximum
frequency is reached, the switching frequency is kept constant
at its maximum value, and the PSM is applied to control the
converter. This combinational method is helpful to improve
the efficiency at only low load conditions by limiting the
required switching frequency. In [27], while only the PSM is
applied for the heavy load conditions, the PSM and PFM are
together applied for low load conditions. Then, instead of
closed loop control, a linear equation which is optimized
according to the loss calculation is employed, and active duty
cycle width is calculated depending on load current. The
switching frequency is also a linear function of the active duty
cycle value. Again, the combined method is only helpful for
the low load conditions.

In this paper, an LLC series resonant SST topology which
enables achieving a relatively higher efficiency is developed,
designed, implemented and tested. The topology of the
proposed SST is depicted in Fig. 1. A combination of PFM
and PSM methods is used to regulate the voltage and to cover
a wide range of power levels with relatively lower switching
frequency. Different from the past studies, the switching
frequency and phase-shift are controlled together to regulate
the voltage for all operation area. This enables the optimal
transformer design to reduce the circulating current and
conduction losses. Thus, relatively reduced average switching
frequency is obtained, the power losses due to high frequency
is reduced, and an efficient and compact SST design is
achieved.
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Figure 1. Resonant Solid State Transformer configuration.

II. CIRCUIT ANALYSIS FOR THE RESONANT SST

The LLC resonant tank acts as a band-pass filter for the
square wave voltage at the terminals of the full-bridge
converter. This results in a pseudo sinusoidal current at the
primary side of the transformer. The detailed circuit
representation of the proposed topology is presented in Fig. 2.
In the general modes of operation, the controlled switch
network produces a square wave output voltage, vi. The
frequency of this voltage is close to the resonant frequency of
the tank. Then, the output voltage of the resonant tank is



rectified to produce the DC load voltage, v,. The input
impedance of the system can be modified by changing the
switching frequency, f; to change the DC output voltage. In
this case, the resonant tank responds primarily to the
fundamental component of the voltage waveform and has
negligible response at the harmonic frequencies (2n+1)f,
n=1,3,5,7... [28], [29]. The Fundamental Harmonic
Approximation (FHA) is used to obtain a transfer function that
describes the gain of the resonant tank. The resulting
equivalent circuit for FHA analysis is also given in Fig. 2.

A. Circuit Analysis:

The proposed resonant converter in this study operates
using PFM and PSM methods. It is operated by turning off
one set of the H-bridge leg earlier than the other set. The
imposed phase-shift between the two legs creates three
different levels on the output of the inverter: +Vi, , =V, , and
0. Thus, there is a discontinuity in the current every half
period, which results in DCM operation at super-resonant
frequency.

The design aims to ensure ZVS operation of the converter
at different load conditions. The converter operates under
varying switching frequency and phase-shift between the legs
of the H-bridge. As a result of this operation, ZVS operation
occurs at primary side switches during the turn-on and ZCS
operation occurs at rectifier diodes during the turn-off.

The input voltage of the resonant tank (v, (t)) is a square
wave varying between —Vj, and +V},. Using Fourier series, the
input voltage can be expressed by (1) [17].

vap () =0 Y Lsin(2nnft) (1)

n=135,..
The fundamental component of v, (t) can be obtained by
using n=1 as in (2):

Vapa () = Esin(2nft) @)

Figure 2. Detailed circuit of proposed SST & LLC resonant converter using
the FHA analysis.

Equation (2) does not consider a varying phase-shift between
the two legs of the inverter. If this phase-shift is represented
by angle ‘a’, the output voltage of the inverter can be written
as:

4 1 ;
Vap_an(t) = —Vy cos (5 ) sin(2mnfst) (3)
The effective output load resistance seen in parallel with the

magnetizing inductance L,, is defined as R.. This accounts for

the transformer turn ratio (N) and the output load (R,). By
using FHA, R, can be written as follows:
8
R, = ;N 2R, 4
The transfer function of the resonant circuit, defined as the
ratio of the output voltage over the input voltage is shown in
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The normalized frequency, f, can be written as a function of
the switching frequency, fs and the first resonant frequency, f;
as follows:

—Js
fa = ) (6)
where
1
fr1= i (7N

The quality factor, Q and the resonant tank impedance, Z. and
the inductance ratio, k are given by:

Zr
— . Z —
0=%; z,

Using the above terms, H, can be reformulated as follows:

& k=1 ®)
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The magnltude of H, is obtained and evaluated at (j2rf;) as
follows:

[Q an
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|Hy| = | : | (10)
R S

B. Gain Curve Analysis:

The gain curve of the resonant converter can be plotted

using following equation as in Fig. 3:
In
|H,| = £ an

Q_fie 2
[

There are two resonant frequencies, f; and f», in Fig. 3. The
second resonant frequency (f;2) can be calculated by adding

transformer magnetizing inductance to the resonant inductance
as in (12).

1
f r2 = 2 m (12)
The gain of the resonant converter has to be monotonically

decreasing when the operating frequency increases. Taking the

derivative of (11) and setting it to less than zero, the following
inequality is obtained:

Q< [ (13)
where A(f,) and B(ﬁ,) are given as follows:

A(fp) = fn (zkz) fn (_) + (14)

B(R) = fi (s + %‘sz)* () + 2 (15)
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Figure 3. Resonant converter gain plot versus normalized frequency at various
values of Q for different Alpha values.

The load resistance, R, can be expressed as a function of the
output voltage and output current. Using the condition
obtained in (13), a condition for the maximum load current,
1, max, can be derived as follows:

BVOQmax
vz (16)

Alternatively, a condition for maximum Z, at a given
1o, max can be derived:

Z, < 8VoQmax (17)

2
T%lo max

Ia,max <

C. Soft-Switching Analysis

For all of the switches, ZVS at turn on is very important to
minimize loss and stress. There are two key conditions for the
conventional PFM controlled LLC resonant converters. It is
well known that ZVS can be achieved only if the resonant
current is lagging resonant tank voltage. So, the input
impedance of the resonant circuit has to be inductive. The
phase angle of the input inductance is given in (18):
0 = tan—! [_fﬁQ2+fﬁk2+13‘7%k—fﬁQz—k2] (18)
me
Then, the first condition for ZVS can be written as 60.

Althhough the lagging resonant current is mandatory to
obtain ZVS, it does not guarantee ZVS by itself. The output
capacitors of the switches (which are going to turn on) and the
parasitic capacitances have to be discharged in order to turn on
the body diode within the dead time. In addition, the output
capacitors of the switches which are turning off, have to be
charged at the same interval. Since during the dead time the
resonant current equals the magnetization current, the
magnetizatin current should charge and discharge these
capacitors within the dead time. The magnetization current
value is related to the Vi, and L,. Since the required voltage
gain and circulatig current values are affected by L, the dead
time should be determined carefully by considering L., fow,
and total capacitance of these switch output capacitors and
parasitic capacitances (Cy). The minimum dead-time duration
required to ensure ZVS is described as:

ty > m%s = 4C fiL,, . (19)

lr

However, in case of the PSM, the first ZVS condition
becomes more complex. When the PFM is applied, the angle
of the input inductance is dependent to the switching
frequency and parameters of the resonant tank component.
Therefore, according to the tank parameters, the boundary of
the lagging current and ZVS operation can be determined, and
the lowest value of the switching frequency can be limited to
ensure ZVS operation. However, when the PSM is employed
the fundamental component of the input voltage equation can

be written as given below:
Va

Vap1(t) = Yd gin (”;—“) sin(2mfst) (20)

s
The inverter output voltage and resonant -current

waveforms for PSM control are given in Fig. 4 (a). As it is
seen from figure, the phase-shift angle (a) generates a zero
volt intervals on the output voltage waveform. Although, the
input impedance angle is not affected by PSM control,
because of the zero-volt intervals, the angle between zero-
crossings of the resonant current and the voltage of the
resonant tank varies. In some conditions, zero-crossing of the
resonant current can lead the zero-crossings of the resonant
tank voltage [30]. This results in losing ZVS operation.
Therefore, the ZVS condition for PSM should be modified.
The constraint should focus on the angle (¢) between zero-
crossings of the resonant tank voltage and the resonant
current. The zero-crossing of the resonant tank voltage should
lead the zero-crossing of the resonant current to ensure
achieving ZVS. This condition can be defined as in (21).

9=6-20 1)

As it is seen from Fig. 4(a), the resonant tank voltage zero
crossings are leading the resonant current zero crossings, and
thus ZVS is achieved. However, increasing phase-shift angle
value decreases the phase angle (@) between the resonant tank
voltage and current. For one phase-shift value, ¢ becomes
zero as shown in Fig. 4(b). At this moment, the system is
operating at the boundary of ZVS condition. Any further
increase in phase-shift makes ¢ negative as depicted in Fig.
4(c). In this condition, the resonant current is leading the
resonant network voltage, the ZVS operation is lost. For
simplicity, the current waveform is assumed to be in
sinusoidal waveform and constant for different phase-shift
angle values in Fig. 4.

As it is discussed above, the phase-shift angle has an effect
on ZVS, and higher values of the phase-shift angle may cause
losing ZVS even when the impedance angle is positive. As
explained in (21), the ZVS operation depends on the phase-
shift and impedance angle values. As given in (18), the
impedance angle depends on the switching frequency and the
load. Therefore, controlling the frequency with the phase-shift
angle can provide wider ZVS range for different load
conditions. Therefore, the proposed system is analyzed for
different load and switching frequency values, and variation
of the impedance angle is investigated, considering (21) to
provide better understanding about ZVS boundaries. The



variation of ¢ versus f; and duty cycle (D) is given in Fig. 5.
The color bar at the right side of the figure shows ¢ in degree.
Except the red colored area, it is positive, and ZVS is
achieved (@ > 0). As it is seen, for low load conditions the
proposed system has a quiet wide ZVS range. For R,=20Q,
the proposed system in ZVS region even with 30kHz.
However, the ZVS range is narrowed for the heavier load
conditions. It is seen that for R,=3.5Q), the converter can
operate with ZVS for D>0.32 at 30kHz switching frequency.
If the switching frequency is increased to 60kHz, the ZVS
region is extended to D>0.2. This situation is valid for the
lower duty cycle values. For the lower duty cycle values,
higher switching frequency value is required to achieve ZVS.
On the other hand, the higher duty cycle value is mostly
required for low load conditions. It is clear that except the
soft-start, the proposed converter operates in ZVS region for
any value of the load.

ZVS Region

! ﬁ-— ZVS Boundary

Non-ZVS Region

(©)
Figure 4. The switching signals, generated resonant tank voltage (v,,) and
current (i,) (a) when the system is operating in the ZVS region, b) The
generated resonant tank voltage (v,) and current (i) when the system
operating at the ZVS boundary, c¢) The generated resonant tank voltage, (v.)
and current (7,) when the system operating outside of the ZVS region.
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Figure 5. ZVS boundaries for different switching frequency, duty cycle and
load values.

III. CONTROLS

It is extremely important to maintain a regulated output DC
voltage to support the varying load requirement. Generally,
the PFM method is applied to the LLC resonant converter
applications. According to (11), if the resonant tank
parameters and the load are considered to be constant, the gain
of the converter is related to the ratio of the switching
frequency (f;) and the resonant frequency (f). It is clear from
Fig. 3 that if the switching frequency is above the second
resonant frequency (fs>f.), increase in the switching
frequency (f;) results a decrease in the converter gain. In other
words, the PFM method uses the variable switching frequency
to adjust the operation point on the gain curve. The converter
gain is equal to “1” at f=f.;. If £>f.;, the gain is <l. The gain
decreases with the increasing frequency. This feature can be
used especially at low load conditions. However, k& has
significant impact on this gain reduction rate of the increasing
switching frequency. Although higher & value increases the
effect of switching frequency on gain (reduces the required
maximum switching frequency value) it causes higher
circulating current which results in higher power loss, and
reduces efficiency. The circulating current can be reduced by
selecting smaller £ value with the expense of higher switching
frequency requirement to reach the minimum voltage gain.
Therefore, design of the LLC resonant converter is a complex
subject. In addition, control of the LLC converter providing
fast transient response and safe start-up is another challenge
especially for the wide-range of variable load or variable
output voltage applications. These requirements could
negatively affect the optimal efficient design of the converter.
Hence, in this study, the PFM and PSM methods are
combined and used to control the output voltage of the LLC
resonant SST.

It can be seen from (5) that output voltage also depends on
the input voltage. The PSM method is used to control the
input voltage in (5) and provide another control variable to
regulate the output voltage. In the PSM method, a phase-shift
angle is introduced between the full bridge inverter legs. If the
gate signals of the S; and Sy are shifted with a phase-shift
angle “a”, some overlaps appear and generate zero voltage
states at the inverter output voltage. In this study, instead of
shifting the phase of the gate signals of the S; and Sy, the duty
ratio of these gate signals are controlled, which ultimately has
the same result as shifting between two pairs of a four-switch
H-Bridge configuration. By adjusting the duty ratio of S; and
S4, zero voltage state seen at the terminals of the inverter is
increased or decreased. The gate signals of the switches and
resultant inverter voltage is shown in Fig. 4(a). In this case,
output voltage equation changes to (3) and phase-shift angle
“a” (or duty cycle, D (D = (m — a)/2m) is introduced as a
new control variable. Although, the output voltage can be
controlled from zero to its maximum value with the phase-
shift angle in an H-Bridge configuration, higher values of this
angle leads to losing ZVS, and hard switching. Therefore, a



combination of these two control schemes, PSM and PFM, is
utilized to control the converter.

By using both PFM and PSM methods, it is possible to
support a wider range of load. Adjusting phase-shift angle
enables holding a specific switching frequency for a varying
load. Alternately, the converter can be operated at the lower
switching frequencies with higher phase-shift angle values for
a fixed load. Fig. 6 shows graphs of f; versus duty ratio (D)
obtained from calculation and simulation studies for two
different load requirements that are fixed at 35A and 70A.
Here the duty ratio is the length of the inverter output voltage
which is equal to (r — &) /2m). In this case, decreasing both f;
and duty cycle allows the controller to support a fixed load
requirement and regulate a specific desired voltage level. Fig.
7 shows that a wider range of output voltage is realized when
both PFM and PSM methods are used together. Whereas
conventional PFM controlled converter has a fixed gain curve
(for a fixed load), the proposed one has multiple curves for
each duty cycle value. The converter would operate at any
point depending on f; and duty ratio.

The proposed control scheme employs PFM and PSM
methods and controls all of the variables at the same time
properly. As it was mentioned before, this control scheme can
be designed to keep the switching frequency constant or keep
the switching frequency as low as possible for the whole
operation range to decrease the switching losses. However,
lower duty cycle value causes distorted resonant currents
which also causes additional power losses. In addition,
operation below the boundary of duty cycle value also causes
losing ZVS and increases the losses. In this study, a combined
control scheme is designed and used to obtain higher
efficiency which keeps the switching frequency between the
defined upper and lower limits, and keeps duty cycle value
over a ZVS boundary value except the soft-start and very
abrupt conditions.
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Figure 6. Switching frequency versus duty ratio
The block diagram of the proposed control system is
shown in Fig. 8. The controller is a classical cascaded loop,
where the outer loop which receives voltage feedback and
generates a reference signal for current loop. Since the current
has faster dynamic in compare to the voltage, the two-loop
controller is preferred to improve the transient response which

ultimately adjust the resonant current for voltage regulation
[31]. The reference signal of the resonant current is generated
by voltage PI controller using output voltage error. Instead of
the load current, the resonant current is used in the current
control loop. The current error is calculated with this
reference current and actual current obtained by filtering the
actual resonant current. A first order low pass filter given in

(22) is used to filter the resonant current.
F(s) = 22)
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Figure 7. V, at different duty ratios (D) for a spectrum of f;.

The switching frequency is determined according to the
required phase-shift value. The minimum switching
frequency value f; in is determined according to the resonant
frequency f.; to ensure the ZVS. Proper selection of the K
gain, also limits the maximum switching frequency. The
switching frequency and duty cycle calculation and switching
pulse generation are implemented with a state machine block.

Duty cvele | p rPwM Lo :\
i
caleulation Generator [ 8
7 [t }4
K>
) State Machine )
-fﬂii”

Figure 8. Proposed control scheme employing combination of the PFM and
the PSM methods.

Table 1: Parameters of the system

Parameters Value

Resonant inductor, L, 10puH
Magnetizing inductor, L, 250puH

Resonant capacitor, C, 4uF

Filter capacitor, Cy 450uF

Voltage controller K,=1.5, K;=2000
Current Controller K;=0.2, K;=1800
Input voltage, V;, 700V




IV. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the proposed LLC resonant converter

based SST is tested by simulations and experimental tests. The
experiments are performed on a 150kW prototype.
Simulations are done in MATLAB/Simulink. In the
experimental study, full bridge inverter, high current resonant
capacitor, high frequency transformer, full bridge rectifier and
filter capacitors are used. The leakage inductance of the
transformer is used as the resonant inductor. The system
parameters are given in Table 1. The proposed control system
is implemented with a FPGA. The switching frequency range
is defined as 30-60kHz.
The experimental results for the output DC voltage (v,) of the
full bridge inverter, the output AC voltage of the full bridge
inverter (va) and resonant current (i-) are shown in Fig. 9.
This figure shows that the output voltage is tracking its
reference voltage successfully. There is not any oscillations or
overshot with the proposed control system combines PFM and
PSM methods. The experimental results for start-up and
steady state operation is also seen in figure. As it can be easily
seen, there is a great harmony between the simulation and
experimental results.
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Figure 9. The output DC voltage of the full bridge inverter (Ch.1, yellow), the
output AC voltage of the full bridge inverter (Ch.3, pink) and resonant current
(Ch.4, green) showing start-up to steady state duration.

In Figs. 12 and 13, the simulation and experimental results
for the start-up duration is depicted. Start-up is a challenge for
the conventional PFM controlled LLC resonant converters due
to the maximum switching frequency limit. The proposed
control algorithm controls both frequency and duty cycle of
the switching signals applied to the full-bridge inverter. Thus,
more sufficient control on the voltage gain and the output DC
voltage of the converter is obtained. When the inverter output
voltage is checked, it is seen that the pulse width of the
inverter voltage is very small at the beginning and it is
increasing to remove the error between the reference and
actual voltages. Obviously, there is a direct relation between
the inverter voltage and the resonant current, and the resonant
current is also increasing with the increasing inverter voltage.
The proposed system is also tested for the light load
conditions. Experimental results for 15kW load power

condition are given in Fig. 12. It is seen that, the simulation
and experimental results are similar to each other. Since the
load power is low, the controller keeps the duty cycle low, and
therefore, the inverter voltage has long zero states. Therefore,
the resonant current is distorted.
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Figure 10. Simulation results for start-up.

Figure 11. Experimental results for the output DC voltage (Ch.1, yellow), the
inverter voltage (Ch.3, pink) and resonant current (Ch.4, green) during
showing the start-up.

In Fig. 13, experimental results are given for the high load
conditions. The proposed SST is tested with 140kW load, and
output DC voltage, the inverter voltage and the resonant
current are depicted. The proposed controller has decreased
the duty cycle and thus shortened the zero states on inverter
voltage waveform. Now, the resonant current is close to
sinewave. The output voltage is stable at its desired value and
steady state error is removed. The proposed LLC resonant
converter based SST achieves ZVS for the full-bridge inverter
for wide operation range. The efficiency of the proposed
system is also investigated and the maximum efficiency of the
system is measured as of 97.18%.



Figure 12. Experimental results for light load (15kW) operation conditions
(the output DC voltage (Ch.1, yellow), the inverter voltage (Ch.3, pink) and
resonant current (Ch.4, green)).
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Figure 13. Experimental results for high power (140kW) load condition (the
output DC voltage (Ch.1, yellow), the inverter voltage (Ch.3, pink) and
resonant current (Ch.4, green)).

V. CONCLUSIONS

In this study, a new control structure has been presented
and tested for an LLC resonant converter based SST. The
discussed topology has several advantages compared to the
conventional topologies that rely only on transformers or
power electronics circuitries. It provides load regulation,
power flow control, and galvanic isolation. Soft-switching has
been achieved by adding a properly designed resonant tank. A
mathematical analysis was conducted and used to plot the gain
curve of the converter. The ZVS constraint for PSM is also
investigated. The proposed controller combines the PFM and
PSM methods and adjusts the output voltage of the SST by
varying the switching frequency and/or duty cycle values. The
proposed cascaded controller defines the switching frequency
and duty cycle values for any operation condition. The PSM
method removes the higher switching frequency requirement.
It also provides flexibility to determine the magnetization
inductance and limits the circulating current. Thus the
efficiency of the system is improved and 97.18% maximum

efficiency is achieved. The achievable power level of the
design is also extended. The experimental tests show similar
results as the simulation, and prove the high dynamic and
steady state performance of the proposed SST.
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