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Abstract—The optimization of switching frequencies and the
power-sharing ratio between the silicon (Si) phase and wide-
bandgap (WBG) phase are critically important for the efficiency
improvement and safe operation of the WBG/Si hybrid half-bridge
(HHB)-based power converters. In this article, a novel adaptive
power sharing and switching frequency control for power loss
optimization in WBG/Si HHB is proposed. It is based on intelligence
particle swarm optimization (PSO), especially suitable for applica-
tions with time-varying operation current. The PSO approach only
evaluates the fitness values to seek the best optimal parameters
without requiring an accurate power loss model and additional
hardware components. Therefore, the proposed method can be
easily implemented and adapted to various working conditions.
A 3-kW prototype of the Si/SiC HHB-based single-phase inverter
is built to validate the proposed approach. In comparison with
the fixed frequency and power-sharing ratio, the proposed method
achieves an 18% maximum total power loss reduction while main-
taining the same power quality performance.

Index Terms—Adaptive control, hybrid Si/WBG, power
loss optimization, power sharing optimization, particle swarm
optimization.

I. INTRODUCTION

THE WBG/Si hybrid half-bridge (HHB) consists of a small-
capacity WBG phase and a high-capacity Si phase, which

is coordinated by a hybrid-frequency interleaving operation to
provide an improved tradeoff between cost and performance
[1], [2], [3], [4]. Fig. 1 shows the diagram and topology of the
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Fig. 1. Diagram and topology of the WBG/Si HHB approach. (a) Diagram of
the WBG/Si HHB. (b) Topology of the WBG/Si HHB.

WBG/Si HHB approach, in which the WBG phase process a
fractional of the total power at a high frequency to achieve the
high quality of the whole converter, whereas the low-cost Si
phase processes most of the total power at an extremely low fre-
quency to reduce the switching losses. Therefore, it is perceived
as the key enabler of high frequency, high efficiency, and low
cost in the application of high-power converters, especially in
high-current applications [5], [6], [7], [8], [9].

Due to the unique hybrid-frequency interleaving operation
for WBG/Si HHB-based converters, the switching frequen-
cies and power-sharing between those two phases can seri-
ously affect the efficiency performance. On the one hand, the
lower the Si phase switching frequencies, the lower the Si
phase switching losses, but the larger current ripple will in-
crease conduction losses. On the other hand, different power-
sharing ratios will seriously affect the safe operation of those
two phases, and the overall power loss since the electri-
cal characteristics (switching and conduction characteristics)
of the two phases are completely different. Therefore, the
proper selection of the switching frequencies and power-sharing
between those two phases are critically important for the
efficiency improvement of the WBG/Si HHB-based power
converters.

Most previous research only chose a preliminarily reasonable
fixed switching frequency and power-sharing ratio to experi-
mentally demonstrate the electrical performance benefits of the
HHB solution or only discussed fixed optimal parameters from
an offline power loss model. Kundu et al. [10], [11] reported
a hybrid Si/SiC voltage source inverter design, in which the
current sharing ratio is delivered as 1: 2 from a simple loss
model, and the frequency is fixed to 2/10 kHz. In [12] and
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[13], a hybrid Si/SiC totem-pole bridgeless PFC converter is
designed with a fixed switching frequency of 20/160 kHz and a
dynamic power-sharing ratio. But this dynamic power-sharing
ratio is only designed to ensure the safe operation of the SiC
phase, instead of optimization for the total loss minimization.
Recently, Zhang et al. [14] developed an accurate power loss
of the WBG/Si HHB through the double-pulse test and system
parameters, and then a lookup table (LUT) is used to select
the optimal Si phase switching frequency and power-sharing
ratio according to different operating conditions. However, the
establishment of the power loss model is based on a single
operation state, and the different operation states of the power
electronics system are not considered. It means that the proposed
methods in these papers are only suitable for the dc–dc converter,
where both the current and the device junction temperature are
almost constant. While in ac applications, such as ac–dc or
dc–ac, the junction temperature, and the operation current of the
HHB, are time-varying [15], [16], resulting in a large variation
in the optimal combinations of switching frequency and power
sharing. Therefore, it is very difficult and complex to obtain the
optimal parameters by offline power loss modeling and compu-
tation. It is necessary to explore a new simple, effective approach
to regulating the switching frequency and power-sharing ratio
adaptively for power loss minimization.

In this article, a novel adaptive power-sharing and switching
frequency control for power loss optimization for WBG/Si
HHB is proposed, which is based on intelligence particle
swarm optimization (PSO) and does not require the complex
accurate power loss model and the additional hardware com-
ponents. The proposed adaptive optimization process is only
guided by a simple fitness function. Therefore, it can sim-
ply and effectively achieve the efficiency improvement of the
WBG/Si HHB-based converters (including the dc/dc, dc/ac, and
ac/dc) and adapt to various working conditions. The Si/SiC
HHB-based dc–ac inverter is selected as a verification case,
and its time-varying sinusoidal current not only illustrates the
general implementation process and advantages of the pro-
posed adaptive PSO control, but also further demonstrates the
design process and benefits of the multi-particle dimension
optimization.

The rest of this article is organized as follows. In Section II,
the topology and basic operation of the HHB approach are intro-
duced. Then, the technology challenges for adopting the HHB
approach are analyzed. In Section III, the adaptive optimization
strategy is presented, which includes the optimization variables
selection, the principle and working flow of the PSO, the cal-
culation burden analysis, and the discussion of load-variation
conditions. Experiments are presented in a single-phase inverter
case study in Section IV. Finally, Section V concludes this
article.

II. TOPOLOGY AND OPERATION ANALYSIS

In this section, the operation principle of the WBG/Si HHB
approach is presented. Then, the major challenges of seeking
the optimal switching frequency and power-sharing ratio are
analyzed. The details are as follows.

Fig. 2. Topology and current waveforms for WBG/Si HHB. (a) Topology.
(b) Current waveforms.

A. Operation Principle

Fig. 2(a) shows the topology of the WBG/Si HHB, which
comprises a large-capacity Si phase and a small-capacity WBG
phase. The Si phase operates at a low frequency to lightly process
most of the total current, obtaining a high-efficiency base power
path. But the low-frequency operation will result in a large
current ripple, shown by the yellow line in Fig. 2(b). The WBG
phase operates at a high frequency to cancel the Si phase current
ripple in terms of processing a fractional of the total current.
The WBG phase current waveforms are shown by the blue line
in Fig. 2(b), which has a small average value and a low-frequency
ripple with an opposite phase to the Si phase. After canceling
the Si phase current ripple, the total current only exhibits the
small high-frequency ripple as the full high-frequency WBG
phase. Therefore, the WBG/Si HHB can achieve near the same
high-quality benefits as the all-WBG design by only using a
small capacity WBG phase, achieving an improved tradeoff
between cost and performance.

Based on the current waveforms in Fig. 2(b), the relations of
those currents can be expressed as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

IL1 = KIL

IL2 = (1−K) IL

ΔIL1 = VABDL

L1fL

ΔIL2 = ΔIL1

(1)

where IL, IL1, and IL2 are the average current for total, Si
phase, and WBG phase, respectively. K is the power-sharing
ratio, which determines the power-sharing of those two phases.
ΔIL1 is the Si phase current ripple, which is related to the Si
phase duty cycle DL and switching frequency fL. The WBG
phase current ripple ΔIL2 equals the ΔIL1 to achieve the full
compensation for the Si phase current ripple.

B. Power Loss Analysis for HHB

The Si phase power loss consists of the loss in switching
devices and inductors, and the brief formula can be expressed
as

PSi = PSi,cond + PSi,sw + PL1,cu + PL1,core (2)

where PSi,cond and the PSi,sw are the conduction and switching
losses for Si devices, respectively. PL1,cu and PL1,core are the
copper and core losses for inductor L1. All those parts are related
to Si phase switching frequency and power-sharing ratio, which
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can briefly be expressed according to the reference [14]⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PSi,cond = (Vce + IL1,rms (fL,K)Rce) IL1,rms (fL,K)DL

+(Vd + IL1,rms (fL,K)Rd)

×IL1,rms (fL,K) (1−DL)

PSi,sw = (ESi,on (fL,K)+ESi,off (fL,K)

+ESi,rec (fL,K)) fL

PL1,cu = I2L1,rms (fL,K)RL1,cu

PL1,core = VcKcf
α
L

(
ΔB(fL,K)

2

)β

(3)
where Vce and Rce are the knee voltage and equivalent ON-state
resistance for the IGBTs, and Vd and Rd are the knee voltage and
equivalent ON-state resistance for the Si diode. IL1,rms is the Si
phase rms current, which is related to the fL and K. ESi,on, ESi,off

and ESi,rec stands for the switch-ON, switch-OFF, and recovery
energy, which are the function of the fSL and K. RL1,cu is the
equivalent resistance of the inductor L1. Kc, α, and β are the fit
parameters, which can be found in the core datasheets [17]. Vc

stands for the volume of the core. Meanwhile, the characteristics
of the inductors and devices are strongly dependent on junction
temperature. Thus, the power loss for each component in the
Si phase is not only related to fL and K, but also related to the
junction temperature, i.e.,

PSi = f (fL,K, Tj) . (4)

Similarly, the power loss of the WBG phase also includes
the switching devices and inductors, which is related to its
operation frequency fH and current IL2. At the same time, the
WBG phase current must compensate for the Si phase current
ripple. Therefore, the power loss of the WBG phase will not only
be influenced by fH and power-sharing ratio but also be severely
affected by the Si phase switching frequency fL and Tj, i.e.,

PWBG = f (fL,K, fH , Tj) . (5)

In conclusion, the total power loss of the WBG/Si HHB is
mainly affected by the following three parameters.

1) Si phase switching frequency fL: The Si phase switching
frequency does not only affect the power loss of the Si
phase, but also affects the WBG phase. Lower switching
frequency means lower switching losses for Si devices.
But the larger current ripple caused by the low-frequency
operation will increase the losses in the inductor and WBG
phase.

2) Power-sharing ratio K: The power-sharing ratio deter-
mines the average current processed by the Si phase, en-
abling a free power-sharing ratio. Since the characteristics
of the two phases are quite different, the K can seriously
affect the total loss of HHB. The selection of the power-
sharing ratio K requires comprehensive consideration of
the loss distribution of those two phases to minimize the
total loss.

3) WBG phase switching frequency fH: Higher WBG phase
switching frequency, lower current ripple, and smaller
ripple losses result in larger switching losses. Since the
WBG phase switching frequency directly determines the

total current performance, it must be selected based on the
total current ripple requirements.

C. Technology Challenges for Conventional Optimization

It is important to select an optimal power-sharing ratio and
switching frequency to minimize power loss. Conventional
methods mainly focus on a power loss model-based optimization
strategy, which obtained the fixed optimal system parameter
design by offline power loss model analysis. However, there are
several technical challenges in those power loss model-based
optimization strategies.

1) The establishment of an accurate device loss model is
difficult and complex. In WBG/Si HHB, the Si phase fre-
quency is deliberately reduced to avoid excessive switch-
ing losses, but this leads to a larger current ripple. There-
fore, the effect of the current ripple on the power loss
cannot be ignored as in the previous literature. Considering
the skin effect of the inductor at different frequencies
and the temperature-dependent switching characteristics
of different devices, the accurate loss modeling process is
very time-consuming and complex.

2) An accurate loss model needs additional components cost.
The switching characteristics for all devices are temper-
ature dependent and may require additional temperature
sensors to capture the environmental temperature of the
system to achieve accurate loss estimates, which will
increase the components’ cost and decrease the system
power density.

3) The optimal design parameters are varied under different
operation conditions. The optimal design parameters are
coupled with the junction temperature, inductor losses,
and current ripples. Furthermore, those three parameters
are coupled with each other. For example, the optimal
power-sharing ratio is a varied different combination of
the different switching frequencies. Therefore, the con-
ventional offline losses model-based optimization method
cannot cover all the operation conditions, and the applica-
bility is limited.

In summary, it is difficult to obtain the optimal time-varying
power-sharing ratio and switching frequency by the conventional
power loss model method, the optimal parameters design cannot
be easily obtained offline.

III. ADAPTIVE POWER LOSS OPTIMIZATION STRATEGY

To address those challenges, an adaptive power-sharing ratio
and switching frequency control are proposed, which adopts the
PSO algorithm for online multivariable optimization to mini-
mize the whole system power losses. The operation principle,
optimization variables selection, and implementation flow of the
PSO algorithm are presented in the following.

A. Operation Principle of PSO

The PSO is an evolutionary computation technique proposed
by Dr. Eberhart and Dr. Kennedy in 1995 [18], which origi-
nated from bird predation behavior. The basic idea of the PSO
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Fig. 3. Operation principle of the PSO algorithm.

Fig. 4. Particle coding of the PSO algorithm: 3-D coding is taken as an exam-
ple. The power-sharing ratio can be varied twice in a quarter of a fundamental
cycle, which means that there are three dimensions (fL, K1, and K2) for each
particle.

algorithm is to find the optimal solution through collaboration
and information sharing between individuals (particles) in the
group, as shown in Fig. 3. Benefits from its simple and easy
implementation, fast convergence speed, and no requirement of
an exact model, the PSO algorithm has been widely used in
the application fields of function optimization, neural network
training, power system control, and other genetic algorithms
[19], [20], [21].

The previous publication indicates that the total power qual-
ity is only related to the WBG phase switching frequency in
WBG/Si HHB [1], thus the WBG phase switching frequency
is fixed to obtain a stable power quality for the whole HHB.
Further, there are at least two dimensions (fL, K) that need
to be considered in PSO. Since the current in dc–dc appli-
cations is constant under one fixed operating condition, the
power-sharing ratio can be regarded as a constant value, i.e.,
PSO has two dimensions. While the current is a time-varying
sinusoidal current in ac–dc applications, the power-sharing ratio
can be varied several times during a line cycle. Fig. 4 shows
the example in a sinusoidal current with two power-sharing
ratios in a quarter of a fundamental cycle, thus the PSO should
be configured as three dimensions, which can be expressed
as

xi = (xi1, . . . , xid) = (fL,K1,K2) (6)

where xid (i is the number of particles and d is the dimension
of the particle) stands for the individual particle, and the corre-
sponding particle velocity is the Vi. Assuming that xi (m) and
vi (m) represent the position and velocity of particle xi at the
mth iteration in the swarm, the updated procedure of PSO relies
on the historical particle position, and the new velocity and new

position can be updated as⎧⎨
⎩
vi (m+ 1) = wvi (m) + c1r1 (pbest,i − xi (m))

+ c2r2 (gbest,i − xi (m))
xi (m+ 1) = xi (m) + vi (m+ 1)

(7)

where r1 and r2 are random numbers between 0 and 1, c1
and c2 are the learning factor for the individual and global
particles, respectively, m is the number of current iterations,
Pbest,i is the local best at the mth iteration of the personal
particle, and gbest,i represents the global best of all particles.
ω is the iteration weight factor, which affects the next particle’s
velocity by comparing it with the previous particle’s velocity
and represents the searchability of the particle. In general, the
larger the ω is, the stronger the initial global searchability, but
the lower the search velocity, and vice versa. Thus, the inertia
weight is general the time-varying parameter to keep a balance
between searchability and velocity. The more commonly used
strategy is the linear decreasing weights strategy [21], i.e.,

w (m) = wmax − (wmax − wmin)
m

N
(8)

where ωmax and ωmin stand for the maximum and minimum
weight factor, m is the current number of the inertia, and N is
the maximum number of inertia.

For each iteration, the particles’ positions are updated, and
a fitness function Ploss(x) is introduced as the judgment of the
swarm. The optimization problem here is to minimize the power
losses of the whole inverter. Therefore, the average total loss is
set as the fitness function, and the specific value of the power
loss will not be incorporated into the PSO calculation process,
but only used to compare the power loss performance under
different particles. Therefore, the proposed algorithm only needs
to reflect the variation trend of power loss under different particle
parameters. The average power loss could be mathematically
expressed as

Ploss (xi) = Pin − Pout =
1

Ts

∫ Ts

0

VinIindt− 1

Ts

∫ Ts

0

VoIodt

(9)
where Pin and Po stand for the input power and output power,
respectively. Vin and Iin stand for the input voltage and current,
Vo and Io stand for the output voltage and current. Ts represents
the operating period of the converter, which can be using the half
or whole gird line cycle period in ac applications. In the actual
digital signal processor (DSP) or field programmable gate array
(FPGA) implementation stage, the integral-averaged operation
can be realized by a discrete moving-average function to meet the
loss comparison requirements of the proposed PSO algorithm.
Thus, the fitness function can be obtained by the measured data
without an additional complex power loss model. The particles
(different combinations of fL, and Ki) in the swarm hyperspace
will produce a fitness result, and here is the system power
loss. The minimized individual and global fitness positions are
recorded to the next iterations and end when the fitness function
is minimized or reaches the maximum number of iterations.

B. Optimization Range

The key issue for implementing PSO optimization is to choose
the proper range of dimensions. The selection principle of the



4444 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

optimization variables is that the online dynamic updating of
the variables will not affect the quality and increase additional
issues of the total output current.

The optimization range of the Si phase switching frequency
is selected. On the one hand, the Si phase switching frequency
must be higher than 10 kHz to avoid generating acoustic noise
and make the converter quiet in operation. On the other hand,
the Si phase switching frequency must be lower than 30 kHz
to avoid excess switching losses. However, the system stability
may be affected by a varied switching frequency operation.
Therefore, after a preliminary frequency range has been selected,
a stability analysis must be performed to verify that the range is
appropriate, which can be completed by establishing a discrete
small-signal model of the converter and judging by the amplitude
of the characteristic root [22], [23], [24].

The WBG phase switching frequency directly determines
the total current performance. Thus, the WBG phase switching
frequency must be selected based on the total current ripple
requirements. Our previous publication [1] has indicated that the
total current exhibits two ripple behaviors according to different
Si phase switching functions and can be delivered the total
current peak-to-peak ripple as follows:⎧⎨
⎩
ΔISL=0

L = (VCB−VAB)(L1+L2)(L1VAB+L2VAB−L2VCB)
L2

1L2VCBfH

ΔISL=1
L = −VAB(L1+L2)(L1VAB+L2VAB−L1VCB)

L2
1L2VCBfH

(10)
where SL is the Si phase switching function, SL = 1 stands for
SL1 is ON and SL2 is OFF, and vice versa. L1 and L2 are the
Si phase and WBG phase inductances. fH is the WBG phase
switching frequency. The maximum peak-to-peak value must
be lower than the ripple requirements, i.e.,

max
(
ΔISL=1

L1 ,ΔISL=0
L1

)
≤ rLIL (11)

where rL is the allowable ripple ratio for total current. The WBG
phase switching frequency can be obtained by an inverse solution
and fixed to achieve a stable power quality for the whole HHB.
Therefore, the proposed PSO algorithm does not require cap-
turing and optimizing the current ripple performance in every
switching period, which is ensured by the fixed WBG phase
switching frequency and benefits from the unique operation of
the WBG/Si HHB.

The range selection of the power-sharing ratio must ensure
that the WBG phase always operates within the safe operation
area (SOA). As indicated in Fig. 2, the peak current for WBG
phase current can be obtained as

IL2,peak = (1−K)IL +ΔIL1/2. (12)

To ensure safe operation, IL2,peak must be smaller than the
safety operation current for WBG devices, i.e.,

IL2,peak ≤ Isoa (13)

where Isoais the SOA current for the selected WBG device. Thus,
the power-sharing ratio optimization range can be expressed as

K ∈
[
1− Isoa −ΔIL1/2

IL
, 1

]
. (14)

Fig. 5. Proposed adaptive power sharing ratio and switching frequency con-
trol.

By the proper selection of the optimization ranges, although
the current stress for those two phases is varied under different
particle parameters, those varied current stresses are all within
the SOA, which will not affect the stable operation and power
quality performance of the WBG/Si HHB-based converters, and
it is the premise and necessary condition for online adaptive PSO
optimization.

C. Adaptive Optimization Strategy

Fig. 5 shows the control strategy of the proposed adaptive
power-sharing ratio and switching frequency control, which
comprises the hybrid-frequency interleaving control (HFIC) and
PSO optimization. The HFIC for HHB is used to coordinate
those two phases’ currents to achieve free power sharing and
real-time ripple compensation. The detailed technical descrip-
tion of the HFIC can be found in our previous publication [1],
and not repeated here.

The focus of the adaptive power-sharing ratio and switching
frequency control is to select the optimal parameter with the
PSO. In a real converter, the implementation steps for the pro-
posed algorithm are listed as follows.

Step 1: Start the converter with the initial particle (fL, Ki).
Step 2: Update and implement the particles with the PSO algo-

rithm, and calculate the power loss with (9).
Step 3: Compare the power loss performance for different par-

ticles, and find the local best and global best particle.
Step 4: Generate new particles based on the comparison, and

repeat steps 2-4 to find the optimal particle.
Step 5: When the optimal particle is founded, operate the

converter with optimal parameters and record the optimal
parameters into a LUT.

Fig. 6 shows the flowchart of the PSO optimal algorithm. At
first, the initial parameters are loaded, which include the position
and velocity limitation, and the limitation of position (limitation
of the optimization variables) should be carefully selected to
ensure the optimization ranges are all within the safe operation
of the selected device. After loading the limitation parameters
and learning factors, the initial particle position and velocity are
set. Then, the particles are updated and implemented, as shown
in the red box in Fig. 6.
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Fig. 6. Flowchart of the PSO optimal algorithm.

In the ac–dc inverter case study, the optimization period for
power loss is in terms of the grid line cycle (50 Hz), which is
aimed at minimizing the average power loss in one grid line
cycle, and the calculation unit time for the power loss (fitness
function) is long to 0.02 s. Meanwhile, the power loss under
one single particle needs time to be characterized stably. When
the implementation particle varies, the power loss and junction
temperature of the devices are coupled to each other and only
stabilize until they reach a thermal steady state, which requires
a long implementation time for individual particles. Therefore,
the implementation time in the proposed ac case study is chosen
to be 1 s (50 gird line cycles) to temporarily obtain stable
and accurate power loss data. While for dc applications, the
port current and voltage are almost constant under one certain
condition, the optimization unit and implementation cycle can
be shortened.

Although the optimization time is 1 s, the switching frequency
level variation can be measured in real time and well reflected in
the calculation process of power loss, and the PSO optimization
process will not affect the stable output current quality.

When the maximum number of iterations is reached or the
global power loss best is stable, the optimal parameters are ob-
tained, the optimization process is completed, and the converter
will operate with the found optimal parameters. Then, a LUT
can be built for the optimal parameters for different operating
conditions. If the operation is later run to the same operating
condition, the optimal data can be directly selected and run
without repeated optimization, which can alleviate the problem
of long optimization times for a single operation.

D. Calculation Burden Analysis

To reduce the calculation requirements for the proposed PSO
algorithm, a step-by-step calculation strategy is presented, which
calculates the particles sequentially, rather than all at once in a
control cycle.

Fig. 7 shows the implementation sequence for the step-by-
step calculation strategy, in which the calculation burden of

Fig. 7. Implementation sequence of the step-by-step calculation strategy.

Fig. 8. Flowchart of incremental optimization for load-variation conditions.

calculating particle xi+1 is averaged to the cycle (1 s) of op-
erating particle xi. The calculation task of particle xi+1 only
needs to be completed within this period (1 s), so the average
number of calculations per control cycle is very small, which
greatly reduces the real-time calculation requirements for the
controller.

For example, according to the expression of updating particle,
the calculation burdens of updating the position and velocity
of a single-dimensional particle only require 12 basic calcu-
lations. Considering 2–5 dimensions in a single particle, the
total calculation times for updating a single particle is 24–60.
These calculations only need to be completed within the last
implementation stage (1 s), so the calculation task of obtaining
a new particle can be completed by only adding at most one basic
calculation in each single control cycle, which will not affect the
normal operation of the controller.

E. Discussion for Load-Variation Conditions

When the load changes, an incremental optimization method
is adopted for the PSO algorithm, and its flowchart is shown in
Fig. 8, which can be divided into two steps.

Step 1: The PSO records the optimization data under the current
operating conditions, including the PSO internal parameters,
particle data, and operating conditions, to obtain the last
optimal data for the next operation under the same operating
conditions or to continue the optimization, which can avoid
repeated optimization for the same operating conditions.

Step 2: The PSO queries whether there is already an optimization
record for this new condition before, and if so, loads the previ-
ous data (internal parameters and particle data) to continue the
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Fig. 9. HHB-based single-phase inverter. (a) Topology. (b) Laboratory plat-
form.

TABLE I
HARDWARE PARAMETERS OF SI/SIC HHB-BASED INVERTER

previous optimization. If not, restarts an optimization process
to find the optimal parameters for this new condition.

Through the proposed incremental optimization, when the
load keeps changing so fast that the PSO does not have enough
time to obtain the optimal parameters, the optimal parameters
can be obtained in steps by multiple incremental optimizations.
Meanwhile, the optimization process for the same operating con-
dition can be performed only once by establishing the optimal
parameters LUT under different operations, without repeated
optimization.

IV. EXPERIMENT RESULTS

In this section, a Si/SiC HHB-based single-phase inverter is
selected as a case study, to validate the proposed optimization
strategy. The topology diagram is plotted in Fig. 9(a), the detailed
hardware parameters are summarized in Table I, and the details
design guidelines for WBG/Si HHB inductors can be founded
in [1] and [9]. The Si phase is made by the two Si IGBTs with an
antiparallel diode (Infineon IKW40N65H5), and the SiC phase is
made by two SiC MOSFETs (Infineon IKW65R107). The photo
of the experimental platform is shown in Fig. 9(b), which con-
sists of the dc source, power analyzer (Zimmer LMG540), FPGA
controller (Xilinx AX7102), the test prototype, load cabinet, and
oscilloscope. The current sampling circuit uses a TI AMC1301
isolation amplifier, whereas the voltage sampling circuit uses
a TI TL082 amplifier. The ADC chip uses the conventional
AD7606 with a 200 kHz sampling rate. Therefore, the sampling
feedback for the full path can meet the requirement of accurate
acquisition of Si-phase current ripple (10–30 kHz) to implement
the proposed control strategy.

The controller uses a double closed control loop (voltage outer
loop and current inner loop) to ensure that the output ac voltage
rms value is maintained at 120 V, and the actual modulation index
is around 0.84. The proposed control will adaptively select the

Fig. 10. Detailed implementation of the variable-frequency process.

combination of Si phase frequency fL and the power-sharing
ratio K to minimize the power loss under the current operating
conditions. In addition, due to the wide range of optimization
range for fL, the following points should be carefully considered
to ensure safe operation and implementation.

1) Each particle is updated near the ac zero-crossing point,
and the voltage and current are low at this time, which can
minimize the influence on the normal operation of the con-
verter. Meanwhile, the synchronous modulation method
is adopted, i.e., the sampling and calculation frequency is
matched to its switching frequency. Therefore, the WBG
phase sampling and control frequency is fixed in line with
its’ switching frequency, i.e., 100 kHz. While the Si phase
sampling and control frequency is varied as its’ switching
frequency (10-30 kHz). The detailed implementation of
the variable Si phase switching frequency process is shown
in Fig. 10, and the frequency variation is implemented as
the update of the PWM count. The frequency updating,
sampling, and calculation timing of each cycle are carried
out at the starting point of each triangular carrier wave to
ensure stable operation, as shown by the purple point in
Fig. 10.

2) When there are more than one power-sharing ratio param-
eters Ki, the K is selected based on the absolute value of the
reference current ILr. Taking the 3-D particle in Fig. 4 as an
example, the segmental expression for the power-sharing
ratio can be expressed as follows:

K =

{
K1, if |ILr| < Im/2

K2, if |ILr| > Im/2
(15)

where ILr represents the input current reference value, and Im
is the amplitude of the ILr.

3) The system stability under different Si phase switching
frequencies fL should be analyzed. The Si phase operation
can be seen as a conventional variable-frequency inverter,
according to [24], and the discrete small-signal model for
a single-phase inverter can be expressed as

F (z) =
fout (z)

fin (z)
=

RT 2
Lz

2 + 2RT 2
Lz

2 + 1

Az2 +Bz + C
(16)
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Fig. 11. Experimental waveforms during the optimization process of the 2-D
PSO algorithm.

where TL stands for the Si phase switching cycle, and⎧⎪⎨
⎪⎩
A = 4CfL1R+ 2L1TL +RT 2

L

B = 2RT 2
L − 8CfL1R

C = 4CfL1R− 2L1TL +RT 2
L

(17)

where Cf, L1, and R stand for the output filter capacitor, Si phase
inductance, and output load. To ensure the stability state under
the whole optimization range, the modulus of the characteristic
roots of fin (z) must all be small than 1 under different switching
frequencies [23], and the characteristic roots of the fin(z) can be
expressed as {

z1 = −B+
√
B2−4AC
2A

z2 = −B−√
B2−4AC
2A .

(18)

Subtracting the system parameters into (18), the results indi-
cate that there are always |z1| <1 and |z2| <1 when the switching
frequency is varied from 10–30 kHz under the full load range,
which indicates that the inverter system is always stable under
the whole frequency optimization range.

Fig. 11 shows the experimental waveforms of the proposed
adaptive optimization process based on a 2-D PSO, where the
input voltage is 400 V, the load is 1.5 kW, c1 = 2, c2 = 2, and w
= [0.4, 0.9]. The number of particles is ten. The implementation
time for each particle is 1 s. It can be seen that the total current
total harmonic distortion (THD) remains almost constant under
different particles, which indicates that the optimization process
does not affect the output quality of the HHB, and it is a
prerequisite condition for online optimization. In addition, the
iterative process data of the PSO particles are extracted using
the upper computer software, as shown in Fig. 12. After setting
the initial parameters (20 kHz, 0.8), the Si-phase switching
frequency fL stabilizes to 17.2 kHz by an optimization-seeking
iteration, whereas the power-sharing ratio K stabilizes to 0.59.
The power loss is reduced from an initial 29.65 to 24.3 W, which
demonstrates the effective loss-reduction ability of the proposed
adaptive power-sharing ratio and switching frequency control.

To obtain the minimum power loss, the optimal internal
parameters (c1, c2, wmax, and wmin) in the PSO algorithm are
selected first. The optimization objective of this article is power
loss, which can be equated to a single-peak problem under
one optimization interval, and the mechanism of influence of

Fig. 12. Iterative process curve of particles in a 2-D PSO algorithm. (a) Si
phase switching frequency. (b) Power-sharing ratio.

Fig. 13. Experimental waveforms during the optimization process of the 3-D
PSO algorithm.

initial parameters on optimization results is relatively simple,
which can be selected by comparing the optimization results
under several sets of initial parameters. Table II summarizes the
optimal losses obtained by different PSO parameters at a fixed
output power of 2.2 kW, including the minimum, maximum,
and average values of 10 times optimization experiments. First,
the range of the weight coefficients is fixed to [0.4, 0.9], and
several optimization experiments with different learning factors
are carried out. The results show that the minimum average loss
is obtained by adaptive optimization at the learning factors c1=1
and c2= 2. Then, the learning factors are fixed to c1 = 1 and c2=
2, and the weighting factors are changed. The results showed that
the optimal range of weighting factors is [0.4,1.4]. Therefore,
this set of PSO parameters (c1 = 1, c2 = 2, w = [0.4, 1.4])
is chosen for subsequent experimental studies. After selecting
the optimal learning factor and weight parameters, experiments
with different particle dimensions are carried out.

Fig. 13 shows the experimental waveform before and after
investing in a 3-D particle optimization (fL, K1, and K2). It can
be seen that there is no abnormal current overshoot in all the
currents under the transition process of the adoption of differ-
ent 3-D particles, which indicates that the proposed adaptive
optimization control does not affect the normal operation of
the converter. Fig. 14 shows the details waveforms of a single
3-D particle implementation process. The adoption of multiple
power-sharing ratio parameters in a line cycle may result in
worse THD for the Si phase current, but the power quality of the
total current is always ensured by the SiC phase high-frequency
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TABLE II
LOSS COMPARISON OF HHB UNDER DIFFERENT PSO PARAMETERS, AND THE POWER LEVEL IS 2.2 KW

Fig. 14. Experimental waveforms of the implementation process of a single
3-D particle.

Fig. 15. Iterative process curve of particles in a 3-D PSO algorithm. (a) Si
phase switching frequency. (b) Power-sharing ratio. (c) Global-best power loss.

operation, which exhibits comparable performance to the initial
2-D particle.

Fig. 15 shows the particle iteration process curve of the PSO
algorithm for 3-D particles. After several iterations of the opti-
mization search, the Si phase switching frequency is stabilized
to 14.57 kHz, and the power-sharing ratio near the over-zero
range is stabilized to 0.48, whereas the power-sharing ratio near
the peak current region is larger, which is 0.66. Due to the low

current in the over-zero range, the ON-state knee voltage of the
Si IGBT and the equivalent resistance of the inductor L1 has a
large impact on the overall loss of the HHB, and thus, the K
chooses a smaller value to allow the SiC phase processes more
current, obtaining a high efficiency. With the current increase,
the influence of the ON-state knee voltage is reduced, and the
K near the peak current range is larger to allow the Si phase to
process most of the total current to reduce switching losses. The
corresponding global-best power loss is plotted in Fig. 15(c).
When all the particles (ten particles needs 10 s) under one
iteration have been implemented, the global-best power loss can
be found by comparing the power loss under different particles.
From Fig. 15(c), it can be found that the optimal loss stabilizes
to 24.3 W after several iterations, achieving a 16.7% power loss
reduction compared to the initial parameter of 29.2 W.

To validate the dynamic performance and effectiveness of the
incremental optimization, the experiment under continuous load
variation conditions is carried out. Fig. 16(a) shows the dynamic
waveforms under the continuous load variation (500W–1 kW–
500 W). When the load fluctuates, although the PSO has not yet
found the optimal parameters, there is no overshoot abnormal
current in each phase during the transient process, obtaining an
excellent dynamic performance. The iterative process curve for
incremental optimization is plotted in Fig. 16(b). Before the PSO
finds the optimal parameters for the present operating condition
(500 W), the load operating condition varies from 500 W to 1 kW.
At this time, the PSO first stores the data of the optimization
process in 500 W operating conditions and starts a new PSO
optimization process for 1 kW load conditions. When the load
current varies back to 500 W, the PSO reloads the previously
stored data and continues the optimization process under the
500 W condition to find the optimal particle. The optimization
process for the 500 W operating condition can be completed by
the two-step optimization and finally convergence to the optimal
parameters (21.3 kHz, 0.89), which verifies the effectiveness of
the incremental optimization method.

Table III summarizes the power loss comparison under dif-
ferent particle dimensions, and the power level is 3 kW. When
the particle dimension increases from 2 to 3, the overall loss
of the converter decreases from 69.3 to 64.5 W. However,
when the particle dimension continues to increase, the trend
of loss reduction is not obvious. Considering the higher di-
mension will lead to an excessive computational burden on
the controller, the subsequent experiments are carried out with
3-D particles.
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TABLE III
LOSS COMPARISON OF HHB UNDER DIFFERENT PARTICLE DIMENSIONS, AND THE POWER LEVEL IS 3 KW

Fig. 16. Dynamic experimental for load variation conditions. (a) Dynamic
experimental waveforms. (b) Iterative process curves for incremental optimiza-
tion.

Fig. 17. Power loss comparison between the fixed parameters and 3-D PSO
adaptive parameters.

Fig. 17 shows the power loss comparison between 3-D
particles and fixed parameters at different output powers. It can
be seen that the proposed adaptive control can reduce the power
loss across the entire load range and achieve a maximum loss
reduction of 18% at 1.5 kW, which verifies the effectiveness of
the proposed adaptive control.

V. CONCLUSION

In this article, a novel adaptive power-sharing ratio and
switching frequency control adopting the PSO algorithm is
proposed for WBG/Si HHB. The proposed method can easily
and effectively search the optimal parameters under different
operation conditions without additional intervention and hard-
ware, obtaining strong adaptability. The proposed method does
not require real-time complex calculations, it only needs to be
calculated the fitness function. Meanwhile, by properly selecting
the optimal parameters, the power quality will not be affected
during the optimization process. Further, the computation bur-
den and incremental optimization for variable-load conditions
are presented. An experimental platform of the HHB-based 3 kW
Si IGBT /SiC MOS single-phase inverter is set up and tested
to highlight the benefits of the proposed adaptive parameters
control. Compared with the fixed parameters, the proposed
adaptive approach can achieve a power loss reduction across
the entire load range conditions without any extra components,
a maximum losses reduction of up to 18%, which is of great
significance for fully exploiting the advantages of the WBG/Si
HHB converter.

REFERENCES

[1] C. Zhang et al., “WBG and Si hybrid half-bridge power processing toward
optimal efficiency, power quality, and cost tradeoff,” IEEE Trans. Power
Electron., vol. 37, no. 6, pp. 6844–6856, Jun. 2022.

[2] T.-F. Wu, Y.-H. Huang, S. Temir, and C.-C. Chan, “3Φ4W hybrid fre-
quency parallel uninterruptable power supply for reducing voltage distor-
tion and improving dynamic response,” IEEE J. Emerg. Sel. Top. Power
Electron., vol. 10, no. 1, pp. 906–918, Feb. 2022.

[3] T.-F. Wu, Y.-H. Huang, and Y.-T. Liu, “3Φ4W grid-connected hybrid-
frequency parallel inverter system with ripple compensation to achieve fast
response and low current distortion,” IEEE Trans. Ind. Electron., vol. 68,
no. 11, pp. 10890–10901, Nov. 2021.

[4] C. Liu et al., “Hybrid SiC-Si DC–AC topology: SHEPWM Si-IGBT
master unit handling high power integrated with partial-power SiC-
MOSFET slave unit improving performance,” IEEE Trans. Power Elec-
tron., vol. 37, no. 3, pp. 3085–3098, Mar. 2022.

[5] C. Zhang, X. Xie, K. Qu, B. Hu, Z. Li, and J. Wang, “A hybrid Si/SiC CCM
interleaved totem-pole bridgeless PFC converter with coupled-inductor
and hybrid-frequency interleaving operation,” in Proc. IEEE 1st Int. Power
Electron. Appl. Symp., 2021, pp. 1–5.

[6] K. Qu, C. Zhang, W. Chen, B. Hu, J. Chen, and J. Wang, “A hybrid Si/SiC
interleaved bidirectional DC-DC converter to optimal power quality, effi-
ciency, and cost tradeoff,” in Proc. IEEE Energy Convers. Congr. Expo .,
2021, pp. 2001–2004.

[7] T.-F. Wu, T. Sakavov, and Y.-H. Huang, “Current ripple compensation
algorithm for paralleled three-phase three-wire hybrid frequency inverter
systems,” in Proc. IEEE 12th Int. Symp. Power Electron. Distrib. Gener.
Syst., 2021, pp. 1–5.

[8] C. Zhang et al., “A new PFC design with interleaved mhz-frequency GaN
auxiliary active filter phase and low-frequency base power Si phase,”
IEEE J. Emerg. Sel. Top. Power Electron., vol. 8, no. 1, pp. 557–566,
Mar. 2020.



4450 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

[9] C. Zhang et al., “WBG partial power processing: A new PFC design with
interleaved mhz-frequency GaN and low-frequency Si phases,” in Proc.
IEEE Energy Convers. Congr. Expo., 2019, pp. 2702–2706.

[10] A. Kundu, R. Na, A. Amir, Y. Zhou, I. P. Brown, and Z. J. Shen,
“WBG fractional power processing: A new Si-SiC hybrid voltage source
inverter design,” in Proc. IEEE Energy Convers. Congr. Expo., 2020,
pp. 6226–6231.

[11] A. Kundu, R. Na, A. Amir, and Z. J. Shen, “Optimization strategy of WBG
fractional power processing,” in Proc. IEEE Appl. Power Electron. Conf.
Expo., 2021, pp. 896–901.

[12] C. Zhang, K. Qu, B. Hu, J. Wang, X. Yin, and Z. J. Shen, “A high-
frequency dynamically coordinated hybrid Si/SiC interleaved CCM totem-
pole bridgeless PFC converter,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 10, no. 2, pp. 2088–2100, Apr. 2022.

[13] W. Chen, C. Zhang, K. Qu, B. Hu, J. Chen, and J. Wang, “A new
hybrid Si/SiC CCM totem pole bridgeless PFC design towards optimal
performance and cost tradeoff,” in Proc. IEEE Energy Convers. Congr.
Expo., 2021, pp. 2203–2207.

[14] C. Zhang, X. Yuan, J. Wang, B. Hu, X. Yin, and Z. J. Shen, “Optimization
of power sharing and switching frequency in Si/WBG hybrid half-bridge
converters using power loss models,” IEEE J. Emerg. Sel. Top. Power Elec-
tron., early access, Dec. 6, 2022, doi: 10.1109/JESTPE.2022.3226196.

[15] Z. Peng et al., “Adaptive gate delay-time control of Si/SiC hybrid switch
for efficiency improvement in inverters,” IEEE Trans. Power Electron.,
vol. 36, no. 3, pp. 3437–3449, Mar. 2021.

[16] M. Schubert and R. W. D. Doncker, “Semiconductor temperature and
condition monitoring using gate-driver-integrated inverter output voltage
measurement,” IEEE Trans. Ind. Appl., vol. 56, no. 3, pp. 2894–2902,
May/Jun. 2020.

[17] MAGNETICS, 2022. [Online]. Available: https://www.mag-inc.com
[18] R. Eberhart and J. Kennedy, “A new optimizer using particle swarm

theory,” in Proc. IEEE 6th Int. Symp. Micro Mach. Hum. Sci., 1995,
pp. 39–43.

[19] G. L. Torres and V. H. Quintana, “On a nonlinear multiple-centrality-
corrections interior-point method for optimal power flow,” IEEE Trans.
Power Syst., vol. 16, no. 2, pp. 222–228, May 2001.

[20] Y. Wang et al., “Minimum-current-stress scheme of three-level dual active
bridge DC-DC converters with the particle swarm optimization,” IEEE
Trans. Transp. Electrific., vol. 7, no. 4, pp. 2067–2084, Dec. 2021.

[21] M. Jafari, Z. Malekjamshidi, and M. R. Islam, “Optimal design of a
multiwinding high-frequency transformer using reluctance network mod-
eling and particle swarm optimization techniques for the application of
PV-linked grid-connected modular multilevel inverters,” IEEE J. Emerg.
Sel. Top. Power Electron., vol. 9, no. 4, pp. 5083–5096, Aug. 2021.

[22] K. Hamdaoui and A. Charef, “A new discretization method for fractional
order differentiators via the bilinear transformation,” in Proc. IEEE 15th
Int. Conf. Digit. Signal Process., Jul. 2007, pp. 280–283.

[23] J.-H. Lee and J.-S. Du, “Phase characteristics for the stability of 2-D
quarter-plane recursive digital all-pass filters,” IEEE Trans. Circuits Syst.
II, Exp. Briefs, vol. 63, no. 3, pp. 289–293, Mar. 2016.

[24] Z. Peng, J. Wang, Z. Liu, Y. Dai, G. Zeng, and Z. J. Shen, “Fault-tolerant
inverter operation based on Si/SiC hybrid switches,” IEEE J. Emerg. Sel.
Top. Power Electron., vol. 8, no. 1, pp. 545–556, Mar. 2020.

Chao Zhang (Member, IEEE) received the B.S. de-
gree in electrical engineering and automation from
Guizhou University, Guiyang, China, in 2017, and
the Ph.D. degree in electrical engineering from Hunan
University, Changsha, China, in 2022.

He is currently a Lecturer with Electrical Engineer-
ing College, Guizhou University. His research focuses
on wide bandgap semiconductors and applications.

Xufeng Yuan (Member, IEEE) received the Ph.D. de-
gree in electrical engineering from the Huazhong Uni-
versity of Science and Technology (HUST), Wuhan,
China, in 2007.

He is currently a Professor with Electrical En-
gineering College, Guizhou University, Guiyang,
China. His research interests include renewable en-
ergy generation systems and power system control.

Jun Wang (Senior Member, IEEE) received the B.S.
degree from the Huazhong University of Science
and Technology, Wuhan, China, in 2000, the M.S.
degree from the Institute of Semiconductors, Chinese
Academy of Sciences, Beijing, China, in 2003, the
M.E. degree from the University of South Carolina,
Columbia, SC, USA, in 2005, and the Ph.D. degree
from North Carolina State University, Raleigh, NC,
USA, in 2010, all in electrical engineering.

Between 2010 and 2013, he was a device design
engineer with Texas Instruments, Inc., Bethlehem,

PA, USA. In 2014, he became a Professor with the College of Electrical and
Information Engineering, Hunan University, Changsha, China, in 2014. His
research interests include power semiconductor devices and their applications
in power electronics systems.

Dr. Wang has been an Associate Editor of the IEEE JOURNAL OF EMERGING

AND SELECTED TOPICS IN POWER ELECTRONICS since 2017.

Weibin Chen received the B.S. degree in electrical
engineering in 2020 from the College of Electri-
cal and Information Engineering, Hunan University,
Hengyang, China, where he is currently working to-
ward the M.S. degree in electrical engineering.

His research focuses on power semiconductor de-
vices and their applications.

Bo Hu (Graduate Student Member, IEEE) received
the B.S. and M.S. degrees in automation from the Col-
lege of Electrical Engineering, University of South
China, Hengyang, China, in 2014 and 2017, respec-
tively. He is currently working toward the Ph.D. de-
gree in electrical engineering with Hunan University,
Changsha, China.

His research focuses on power semiconductor de-
vices and their applications.

Zheng John Shen (Fellow, IEEE) received the B.S.
degree from Tsinghua University, Beijing, China, in
1987, and the M.S. and Ph.D. degrees from Rensse-
laer Polytechnic Institute, Troy, NY, USA, in 1991
and 1994, respectively, all in electrical engineering.

Between 1994 and 1999, he held a variety of posi-
tions, including Senior Principal Staff Scientist with
Motorola, Chicago, IL, USA. He was on Faculty of
the University of Michigan-Dearborn, Dearborn, MI,
USA, between 1999 and 2004, and the University of
Central Florida, Orlando, FL, USA, between 2004

and 2012. He joined the Illinois Institute of Technology, Chicago, IL, USA,
in 2013 as the Grainger Chair Professor in Electrical and Power Engineering.
He has also held a courtesy professorship with Hunan University, Changsha,
China, since 2007, and with Zhejiang University, Hangzhou, China, since 2013.
His research interests include power electronics, power semiconductor devices
and ICs, automotive electronics, renewable and alternative energy systems, and
electronics manufacturing.

Dr. Shen was the recipient of the 2012 IEEE Region 3 Outstanding Engineer
Award, 2003 NSF CAREER Award, 2006 IEEE Transaction Paper Award from
IEEE Society of Power Electronics, 2003 IEEE Best Automotive Electronics
Paper Award from the IEEE Society of Vehicular Technology, and 1996 Motorola
Science and Technology Award. He was the VP of Products from 2009 to 2012,
Associate Editor and Guest Editor-in-Chief of the IEEE TRANSACTIONS ON

POWER ELECTRONICS, Technical Program Chair and General Chair of several
major IEEE conferences.

https://dx.doi.org/10.1109/JESTPE.2022.3226196
https://www.mag-inc.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


