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Abstract—Triple-phase shift (TPS) is commonly utilized to
enhance the efficiency of the dual-active-bridge (DAB) converters.
However, the small-signal model of the circuit varies with operating
mode, terminal voltage ratio, and power. In order to address this
issue, a control inspired by the finite-control set model-predictive
control is proposed. The proposed moving discretized control
set model-predictive control (MDCS-MPC) can achieve great
control flexibility and good transition performance throughout the
power and terminal voltage range with global control parameters.
It presents fixed switching frequency with low computational
burden due to the utilization of only two prediction horizons. The
operating principle of the proposed MDCS-MPC is introduced
in development of a cost function that provides stiff load voltage
regulation. The steady-state error in MDCS-MPC has also been
analyzed and compensated. The application of MDCS-MPC in a
multiobjective control scenario has been addressed. Experiments
on a 300-V/300-V 20-kHz 1-kW DAB converter are carried out to
verify the theoretical claims.

Index Terms—Dual-active bridge (DAB), model-predictive
control (MPC).

NOMENCLATURE

fs Switching frequency.
Ts Time in one switching period.
rV Terminal voltage ratio.
VHV 1 Primary dc terminal voltage.
VHV 2 Secondary dc terminal voltage.
vac1 Primary transformer port voltage.
vac2 Secondary transformer port voltage.
D1 Duty cycle of vac1.
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D2 Duty cycle of vac2.
Df Phase shift between vac1 and vac2.
Lp Power transferring inductance on primary side.
Lm Transformer magnetizing inductance.
CHV 1 DC capacitor on primary side.
CV H2 DC capacitor on secondary side.
ic Current flowing into CHV 2.
iac2 Transformer secondary current.
iHV 1 Primary H-bridge dc-side current.
iHV 2 Secondary H-bridge dc-side current.
Iload Load current.
μ Points to be calculated in Ts.
μm Maximum number of discretized elements.
VHV 2_ref Reference dc bus voltage.
Δf Finest step achievable by the digital control

platform.
Δadp The adaptive step.
G1, G2 Cost function terms.
α1, α2 Weighting factors.
Icomp_f Prediction error compensation term.

I. INTRODUCTION

DC MICROGRID has its applications in vehicles [1], ves-
sels [2], and aircrafts [3] under the initiative of the trans-

portation electrification. Energy storage systems (ESS) are often
demanded in those system to provide intermittent power through
the interface of isolated dc–dc converters. Dual-active bridge
(DAB) and its derived topologies [4]–[6] have drawn consider-
able attention in these applications [7], [8]. They provide salient
merits in high-frequency galvanic isolation, high-voltage step
up/down ability and high-power conversion efficiency.

SPS is the most widely used modulation in the DAB due to
its simplicity [9]–[12]. When the voltage gain deviates from
unity, the SPS-modulated DAB can have high circulating cur-
rent and lose zero voltage switching ON, which will decrease
the efficiency significantly [13]. Various hardware and control
methods have been proposed to solve these problems, among
them, adjusting duty cycles of H-bridges are the most effective
approach [13]. Based on the number of the phase-shift ratios,
these methods can be classified as extended phase shift (EPS)
[14], dual-phase shift (DPS) [15], and triple-phase shift (TPS)
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[16]. Compared with EPS or DPS, the TPS utilizes all the three
phase-shift ratios and can maximize the efficiency.

In the existing literature, the control of DAB is mainly focused
on the DAB modulated using the SPS (SPS-DAB) [17]–[21].
The control of TPS-DAB is barely addressed in the existing
literatures due to its complexity. Since there are many differ-
ent operating modes and three phase-shift ratios, the variant
small-signal model of the TPS-DAB requires the PI controllers
to be designed and tuned at each equilibrium points. Otherwise
the performance will be deteriorated. The parameter design be-
comes complex when the converter has a wide operating voltage
range. Huang et al. [22] employed two slow PI controllers for
the inner phase shifts to avoid oscillation and instability during
transitions when using TPS. However, this significantly reduced
the bandwidth of control. Wu et al. [23] addressed the stability
issue with TPS using Lyapunov function. Each operating stage
was treated separately which was inept at design guidance for
the control parameters.

Predictive control is often considered in power electronics
converters for several advantages it can provide, such as fast
dynamics, easy inclusion of constraints, and simple digital im-
plementation. In particular, finite-control set model-predictive
control (FCS-MPC) has been investigated in ac power conver-
sion [24]–[26]. In contrast, the application of predictive con-
trol in dc/dc converters has not been so intensively explored;
FCS-MPC methods proposed for use in the boost converter with
receding horizon by Karamanakos et al. [17] and Wang et al.
[18] demonstrated fast dynamics. However, these approaches
resulted in variable switching frequency and demanded heavy
computation. Oettmeier et al. [19] proposed a continuous control
set model-predictive control (CCS-MPC) also for boost con-
verters which effectively avoided voltage transition overshoot.
Notwithstanding, abovementioned approaches are not applica-
ble in TPS-DAB.

In this article, the control variable in TPS-DAB is discretized
into finite elements to fit in the concept of the well-known
FCS-MPC. The proposed moving discretized control set model-
predictive control (MDCS-MPC) has the merits listed as follows.

1) Circuit parameters, terminal voltages, and operating
modes of TPS-DAB are embedded in the predic-
tion model. Therefore, control parameters designed for
MDCS-MPC can provide good performance throughout
the power and terminal voltage range.

2) The proposed approach enables flexible multiobjective
optimization. With the proposed method, similar dc mi-
crogrid stabilization control typically seen with FCS-MPC
can also be applied to TPS-DAB [27].

3) Compared to previous applications of FSC-MPC in dc–dc
converters [17], [18], MDCS-MPC utilizes only two pre-
diction horizons and a small number of calculating points
in each switching period. Therefore, the computational
burden is relatively low.

This article is organized as follows. In Section II, the concept
of TPS modulation is presented. The small-signal modeling
and the conventional PI control for TPS-DAB have been in-
troduced. In Section III, the MDCS-MPC is proposed. The ideal
discretised model is derived. Operating principle is intuitively
introduced. The cost function and the adaptive step concept have

Fig. 1. Diagram of the DAB converter under investigation.

Fig. 2. Generic waveforms of the DAB modulated with TPS.

also been set forth. Multiobjective control based on the proposed
control concept is illustrated. In the next section, the causes
of the steady-state error for the proposed MDCS-MPC have
been analyzed in development of a compensation method. In
Section V, experimental results are conducted on a 20 kHz, 1 kW
DAB converter, validating theoretical claims. Finally, Section VI
concludes this article.

II. ANALYSIS ON TPS-DAB

The diagram of the DAB converter is shown in Fig. 1. H-
bridges on each side of the high-frequency transformer generate
square voltages vac1 and vac2 with a fundamental frequency
of fs. They are exerted on the power transferring inductor Lp,
producing transformer current iac2. Ts denotes one switching
period.

As depicted in Fig. 2, D1Ts, D2Ts are the active state time
periods of vac1 and vac2. When the SPS is applied [10], active
states duties D1 and D2 are fixed at 0.5, whereas the phase shift
DfTs between vac1 and vac2 is controlled to transfer the power
between primary and secondary sides.

A. Offline Optimization on TPS-DAB

The DAB converter has four control variables. They are D1,
D2, Df , and fs. In TPS, the phase-shift ratios D1, D2, and Df

are regarded as three independent control variables while fs is
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TABLE I
MINIMIZATION ON REACTIVE POWER [16], rV = VHV 2/VHV 1

Fig. 3. Averaged model of the DAB.

fixed. To minimize the circulating current, authors in [16], [28],
and [29] have derived the optimal phase-shift ratios, as shown
in Table I.
Df is the only independent control variable, whereas D1

and D2 can be calculated using Df . The gate signals g1–g8
can be then generated according to Fig. 2. Although the TPS
modulation has its advantages, the complexity in control design
hinders its application in practice. As shown in Table I, there
are four operating modes, the small-signal model of TPS-DAB
varies with operating modes, terminal voltages, and power.

B. Modeling of the TPS-DAB

The accurate switching averaged models of the DAB have
been intensively investigated by researchers [29], [30]. However,
those models of DAB draw on the most straightforward SPS
modulation. When it comes to the TPS, the utilization of inner
phase shifts and the coexistence of different operation modes
make the accurate switching average model complicated. In this
article, a simplified averaged model of the DAB is used, as shown
in Fig. 3.

The controlled current < iHV 2 >Ts is calculated from (1).
Substituting Table I into (1), the expressions for each operating
mode are derived, as in Table II

< iHV 2>Ts =
1

Ts

∫ Ts

0

iHV 2dt. (1)

The differential equation of the output voltage is developed
from Fig. 3 as follows:

d < VHV 2>Ts

dt
=

< iHV 2>Ts

CHV 2
− < VHV 2>Ts

RLCHV 2
. (2)

TABLE II
SWITCHING AVERAGED MODEL UNIFIED AT VHV 1/(8fsLp)

TABLE III
OPEN-LOOP CONTROL TO OUTPUT TRANSFER FUNCTION

Note: The notation with a bar X̄ denotes the equilibrium points.

TABLE IV
CIRCUIT AND CONTROL PARAMETERS

The small-signal models are derived by superimposing small
perturbations on the equilibrium points. The control to output
transfer functions for TPS-DAB are provided in Table III.

In order to verify the correctness of the control to output
transfer functions GTPS(s) listed in Table III, simulations have
been conducted using the software PLECS block set 3.6.1 built
in with MATLAB SIMULINK 2017a. The converter parameters
are provided as in Table IV, otherwise specified.

Comparisons between the math models in Table III and the
ac swept transfer functions GTPS(s) based on the ideal averaged
model in Fig. 3 are carried out. The ac sweeping diagram with the
ideal model is depicted in Fig. 4. Sinusoidal small perturbations
are injected and superimposed on the equilibrium value of Df .
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Fig. 4. Transfer function ac sweeping diagram with the averaged model.

Fig. 5. Comparison between the ac swept ideal model and the math model in
Table III under 260 V/300 V 10 W Mode III.

Correspondent frequency components of the output voltage are
measured. The open-loop control to output transfer function can
then be calculated as

GTPS(f) =
VHV 2(f)

Df (f)
. (3)

The results are illustrated in Fig. 5. The math model agrees
well with the swept ideal model. This confirms the correctness
of the math model in Table III. It is worth mentioning that the
ideal model is a first-order system. Ideally, the phase should be
always −90°. However, as shown in Fig. 5, the phase is larger
than −90° in low frequency due to the impact from RL. The
phase is smaller than −90° in high frequency due to the digital
sampling delay reflected as e−s/2fs in multiplication to transfer
functions from Table III.

C. PI Control for TPS-DAB

With the abovementioned developed transfer function in
Table III, a PI voltage control with load current feedforward
structure is utilized as a comparison benchmark. Sampling of
the output voltage VHV 2 and load current Iload are required.
The PI voltage controller is defined as

Gv(s) = Kp +
Ki

s
. (4)

The simplified control block diagram is depicted in Fig. 6. The
transfer function GTPS(s) is variant with the operating terminal

Fig. 6. PI control block diagram.

voltages and power. Moreover, due to the coexistence of four
operating modes, the PI controller parameter design becomes
overwhelming. In the following sections, PI parameters Kp and
Ki, defined in (4), are only designed and tuned at the points of
interest for comparison purpose.

D. Remarks on the Design Issues With PI

When the TPS modulation is applied to DAB converters.
The small-signal model of the TPS-DAB is variant. It depends
on the operating modes, terminal voltages, and load power.
In a single point of operation, the PI controller can be easily
designed and tuned. However, when the converter operating
condition is changed, the performance will be deteriorated. This
phenomenon will be addressed in Section III-B. Considering
there are many operating modes in TPS-DAB, it is complex to
optimally design the control parameters for TPS-DAB working
in a wide terminal voltages and power range.

To address the abovementioned issue, this article develops a
controller for the TPS-DAB with the information of terminal
voltages and circuit parameters embedded in the algorithm. The
proposed controller presents better global dynamic performance
with easier parameter tuning compared with the conventionally
PI controller for TPS-DAB.

III. PROPOSED MDCS-MPC

The main objective of the control in the case of study is to
regulate the bus voltage VHV 2 supplying power to resistive
loads. Based on the averaged model described in Fig. 3, the
discretized difference equation of the output voltage is developed
as follows:

VHV 2[k + 1] =
iHV 2[k + 1]− Iload[k + 1]

CHV 2fs
+ VHV 2[k]. (5)

When the converter is loaded with the passive loads, the future
load current is unknown. However, for a two-step prediction,
the future load current is essential to predict voltage values of
VHV 2 at time instance k + 2. Therefore, an assumption has been
made that load current does not vary drastically in two sampling
periods. This assumption has also been commonly used in MPC
controlled inverters [27], [31]

Iload[k] = Iload[k + 1] = Iload[k + 2]. (6)

The prediction for output voltage at time instance k + 2 is

VHV 2[k + 2] =
iHV 2[k + 2]− Iload[k]

CHV 2fs
+ VHV 2[k + 1]. (7)
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Fig. 7. Voltage prediction error evaluation.

Substituting (5) into (7) yields

VHV 2[k + 2] =
iHV 2[k + 2] + iHV 2[k + 1]− 2Iload[k]

CHV 2fs

+ VHV 2[k] (8)

where iHV 2[k + 1] and iHV 2[k] can be easily derived from
Table II.

In order to evaluate how realistic the assumption made in (6)
is, and how accurate the prediction in (8) is, the prediction error
has been defined in the following equation as a metric

Ve = |VHV 2[k + 2]− VHV 2_s[k + 2]| (9)

where VHV 2_s[k + 2] is the sampled load voltage at time in-
stance k + 2. A sinusoidal controlled current source is con-
nected to the output terminal with a fixed amplitude but varying
frequency. In (6), the load current is assumed to be constant
within two sampling periods. Therefore, when the load current
changes slowly, this assumption is more likely to hold true. The
results shown in Fig. 7 have verified this statement. When the
load current has a frequency of 1 kHz, the maximum prediction
error is 0.293 V. With the decreasing of the frequency down
to 10 Hz, the maximum prediction error is reduced to 0.008 V.
The error in the prediction will not necessarily cause problems.
Since 1 kHz is already above the bandwidth, 0.293 V error is
only 0.09% of rated voltage. Therefore, the assumption (6) has
been deemed reasonable in our case of study.

A. Operating Principle

The proposed MDCS-MPC controls the converter output
voltage VHV 2 based on the discretized average model of the
DAB in Fig. 3. Taking into account the computational delay,
MDCS-MPC has a prediction step of two sampling periods. A
preliminary cost function is proposed, as in (10), with the only
purpose of regulating voltage VHV 2 to reference VHV 2_ref . It is
worth mentioning that (10) is not the finalized cost function, but
a simple one meant to help illustrate the operating principle of
the proposed MDCS-MPC

ct = (VHV 2_ref − VHV 2[k + 2])2. (10)

Fig. 8. Demonstration of the finest phase-shift value in PWM modules.

It should be noted that according to Tables I and II, there is
only one control variable Df rather than three. The variable
Df is continuous in nature. However, in digital control, Df

needs to be discretized. The discretization precision is subjected
to the control platform applied. Δf is defined in (11) as the
finest phase-shift value that can be achieved in a digital control
platform, as shown in Fig. 8

Δf =
fs
fc

(11)

where fc is the peripheral clock frequency of the digital control
platform. For unidirectional power flow, DAB works predomi-
nately in the range

Df ∈ [0, 0.25]. (12)

Equation (12) is further discretized into μm(= 0.25/Δf + 1)
elements, as described in the following array:

Df ∈ {0,Δf , 2Δf , . . . , 0.25}. (13)

In order to implement a control algorithm that is feasible
on standard commercial microcontrollers, the proposed MDCS-
MPC evaluates a reduced number of values in each sampling
period. In one sampling period, μ (μ ≤ μm) number of points
are assessed. They are centered at the previous working point.

An intuitive illustration of the proposed MDCS-MPC is de-
picted in Fig. 9. In the control interval k to k + 1, μ = 3 points
are evaluated centred at the previous working point Df [k] = a.
When Df [k + 1] equals a−Δf , a, and a+Δf , the output

voltage VHV 2 is predicted as V
(1)
HV 2[k + 2], V (2)

HV 2[k + 2], and

V
(3)
HV 2[k + 2], respectively. The superscript represents the index

of an element in the moving discretized control set.
The moving discretized control set during the period k to

k + 1 is {a−Δf , a, a+Δf}. According to the illustration in
Fig. 9, when Df [k + 1] = a+Δf , the predicted output voltage
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Fig. 9. Operating principle of the proposed MDCS-MPC for DAB. μ is set to
be 3 for illustration.

V
(3)
HV 2[k + 2] is the closest toVHV 2_ref . This results in the small-

est cost function defined in (10). Therefore, the value a+Δf is
applied at time instance k + 1 to Df . In the next control interval,
the same process is repeated. However, the moving discretized
control set has changed. It has become {a, a+Δf , a+ 2Δf}.
The control set is moving with the working point within the
domain of (13). In this control interval, Df [k + 3] = a results
in the smallest cost function. Therefore, this value is applied at
the time instance k + 2. This process goes on.

Larger value of μ can increase the transition dynamics, but
it aggravates the computational burden to the real-time digital
controller. Therefore, an adaptive step for Df is adopted instead
of the finest search step Δf . Define the adaptive step Δadp, as
(15) and (16). The adaptive stepΔadp changes with the deviation
of the output voltage to the reference. WhenVHV 2 is far from the
reference, Δadp grows large. In contrast, when VHV 2 equals to
the reference,Δadp becomesΔf.. Such that the control accuracy
remains

VΔ=

{
|VHV 2_ref−VHV 2[k]| , |VHV 2_ref−VHV 2[k]|<Vm

Vm, |VHV 2_ref−VHV 2[k]|>Vm

(14)

Δadp = Δf (1 + λV 2
Δ) (15)

where Vm is the saturated voltage, λ is a coefficient determined
according to the requirement of transition performance, λ and
Vm are set as 1 and 10 V, respectively, in the following simulation
and experiment validations.

B. Proposed Cost Function

In order to help the system to converge, a second term G2 is
proposed in the cost function as follows:

ct = α1G1 + α2G2 (16)

where {
G1 = (VHV 2_ref − VHV 2[k + 2])2

G2 = (VHV 2[k + 2]− VHV 2[k])
2.

(17)

Fig. 10. Phase portrait with different α2.

The first term G1 is responsible for regulation of the output
voltage VHV 2 to reference value VHV 2_ref , whereas the second
term G2 takes charge of the system convergence. Fig. 10 shows
how the weighting factor α2 affects the convergence of bridge
current< iHV 2>Ts and load voltageVHV 2. The value ofα2 has
a positive effect on the system convergence. When α2 is zero,
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Fig. 11. Frequency-response sweeping circuit.

the system does not converge. However, α2 cannot be set too
large because it has negative impact on the control bandwidth.
This will be addressed later in this section.

In order to provide a quantitative assessment on the per-
formance of MDCS-MPC using the cost function in (16), the
frequency response is utilized. The small-signal models of DAB
converters are often carried out to analytically derive its fre-
quency response. However, this is infeasible to describe the
DAB converters with nonlinear controllers. Another approach
is utilized here. If a certain small sinusoidal perturbation signal
that is applied to a nonlinear element always excites a sinusoid
at the same frequency in the output, then such an element can
be represented by its linear “equivalent” frequency response,
which is commonly called a describing function (see [32,
ch. 5]). As a result, standard frequency domain techniques can be
used to assess the characteristics of the converter that comprises
nonlinear elements [27]. The same as the analytical method
(small-signal modeling), the describing function method also
needs to have its assessments carried out based on a given
equilibrium point. Small-signal perturbations have been injected
to the converter and responses have been measured with the
correspondent frequency. This numerical method applies to both
linear and nonlinear controls.

The ac sweepings are carried out in the switching model under
the equilibrium point 260 V/300 V 1 kW. Perturbations from
10 Hz to 10 kHz with amplitude of 0.01 V are superimposed
on the output voltage equilibrium value VHV 2_ref = 300 V,
as shown in Fig. 11. The closed-loop transfer function is
defined as

GR2O(f) =
VHV 2(f)

v∗HV 2(f)
. (18)

The results are presented in Fig. 12. In the figure, the closed-
loop transfer functions in the frequency domain with different
values of α2 and μ are shown. In observation of the solid lines
(α2 = 1), μ increases the amplitude of GR2O(f) in the high-
frequency range. When comparing lines with round markers
(μ = 3), it can be concluded that α2 has a negative impact to
the amplitude of GR2O(f) in the low- to medium-frequency

Fig. 12. Sweeping results for GR2O(f) in (18) under equilibrium point
260 V/300 V 1 kW.

Fig. 13. Frequency response with different input voltage.

range. Parametersα2 andμhave clear implications onGR2O(f).
The PI parameters are designed based on the ideal/math model
under the equilibrium point 260 V/300 V 1 kW. The control
parameters are designed as Kp = 0.05 and Ki = 10. The gain
and phase margins are 15.4 dB and 72 deg, respectively. The
crossover frequency is 570 Hz. As shown in the figure, the
frequency response line of PI sits between the blue and red lines
of MDCS-MPC. If tuned with α2 = 1 and a μ between 3 and 11,
the MDCS-MPC can present very similar frequency response as
the designed PI.

In order to guarantee the performance, the control parameters
of the PI controller have to be designed based on a single
equilibrium point. When the operating point varies, GR2O(f)
will change as well. For example, as shown in Fig. 13, with
the PI controller, when the input voltage VHV 1 reduces
from 260 V (yellow line) to 180 V (purple line), the
amplitude of GR2O(f) varies significantly. In comparison,
when MDCS-MPC is used, GR2O(f) can largely maintain.
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Fig. 14. Load-voltage reference tracking.

Fig. 15. DAB with an input LC filter.

The abovementioned phenomenon about PI controller and
MDCS-MPC can also be confirmed in experiments Figs. 21
and 22.

The reference tracking performance of the PI and the proposed
method in the time domain has also been compared. As shown
in Fig. 14, the load-voltage reference changes between 300 and
260 V. At time instance t1, when the proposed control is used,
D3 starts to increase 0.55 ms before VHV 2 reaches the reference
260 V. In contrast, when PI is used, D3 can only start to increase
once VHV 2 reaches 260 V. The similar phenomenon can also be
observed at time instances t3 and t4. The feature ensures MDCS-
MPC to provide better voltage tracking performance. This phe-
nomenon is also confirmed in experiment Figs. 25 and 26.

C. Flexible Multiobjective Control

The proposed MDCS-MPC can be extended to applications
where multiobjective control is required. Control objectives can
be coordinately achieved by adding terms in the cost function
as with FCS-MPC [27].

In order to demonstrate this benefit, apart from the regulation
of the output voltage VHV 2, the DAB is assigned also another
task to stabilize the input voltageVHV 1 in presence of oscillation
due to the well-known constant power load stability issue [33].
A DAB converter with an input LC filter is illustrated in Fig. 15
to showcase the scenario.

Instability could happen when Zout/Zin does not satisfy the
impedance-based Nyquist stability criterion [34]. Therefore,
stabilization control is required. The cost function is then
proposed as

ct = α1G1 + α2G2 + α3G3 (19)

where

G3 = (VHV 1[k + 2]− v1[k])
2 (20)

VHV 1[k + 2] =
2Iload[k]− (iHV 1[k + 2] + iHV 1[k + 1])

CHV 2fs

+ VHV 1[k]. (21)

The only difference between the calculation of the current
iHV 1 and iHV 2 is that iHV 1 is unified at VHV 2/(8fsLp),
whereas iHV 2 is unified at VHV 1/(8fsLp) in Table II.

The effectiveness of the stabilization term G3 has been verified
in the experiment Section V-C. Since this article focuses only on
the proposal of the MDCS-MPC idea in TPS-DAB, and scenario
in Fig. 15 is only used to showcase the capability of MDCS-
MPC. Further detailed analysis on system stabilization is not
discussed.

IV. STEADY-STATE ERROR ANALYSIS

Two causes for the steady-state error specifically in the pro-
posed MDCS-MPC are addressed in this section. Relevant error
compensation approaches are elaborated.

The first cause is the prediction error from the ideal model.
As stated earlier in Section II, the accurate modeling of the DAB
modulated with TPS is rather complicated. The simplified re-
duced order model in Fig. 3 enables relatively easier implemen-
tation; however, it also brings perdition error in < iHV 2 >Ts.

The second cause is the contradiction between G1 and G2.
When VHV 2 reaches close to VHV 2_ref , G1 becomes very small.
The predicted step change (VHV 2[k + 2]− VHV 2[k]) is higher
than the steady-state error (VHV 2_ref − VHV 2[k + 2]). In this
case, the decreasing of α1G1 does not compensate for the
increasing of α2G2. (VHV 2_ref − VHV 2[k + 2]) cannot be zero,
therefore causing the steady-state error.

A. Error Caused by the Prediction Model

The error of the ideal prediction model in Table II can be
corrected by a compensation term defined as Icomp in (22).
Icomp is calculated as the difference between the observed output
current value iHV 2_r and the predicted value iHV 2

Icomp[k] = iHV 2_r[k − 1]− iHV 2[k − 1] (22)

where

iHV 2_r[k − 1] =
CHV 2

Ts
(VHV 2[k]− VHV 2[k − 1])

+ Iload[k − 1]. (23)

The correction of the prediction model can eliminate the
steady-state error for the output voltage. However, due to the
calculation of iHV 2_r in (23) involves derivative of VHV 2. In
presence of sampling noise, the compensation term Icomp could
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Fig. 16. Compensation diagram for the prediction error.

Fig. 17. Illustration of the steady state error.

deteriorate the dynamic performance of MDCS-MPC. Icomp is
designed solely for the purpose of steady-state error correction.
A low-pass filter (LPF) can be applied for Icomp. Therefore, the
predicted output voltage is modified as in (24). A diagram of
the compensation for the prediction error is shown in Fig. 16.
A moving average filter is used as the LPF. The effectiveness of
the prediction error compensation is verified by both simulations
and experiments in Sections V and VI

VHV 2[k + 2]

=
iHV 2[k + 2] + iHV 2[k + 1] + 2Icomp_f [k]− 2Iload[k]

CHV 2fs

+ VHV 2[k]. (24)

B. Error Caused by the Weighting Factor α2

In this section, the steady-state error caused by the weighting
factor α2 is analyzed. To start with, consider the initial cost
function in (10) without G2 and assume that the converter has
already been in the steady state

VHV 2[k] = VHV 2[k + 1] (25)

Iload[k] = iHV 2[k] = iHV 2[k + 1] (26)

where the steady-state error Verr_org is defined as

Verr_org = VHV 2_ref − VHV 2[k]. (27)

Substitute the conditions (26) and (27) into the prediction
model (8). The prediction value for the output voltage V

(3)
HV 2

[k + 1] in Fig. 17 is

VHV 2[k + 2] =
iHV 2[k + 2]− iHV 2[k + 1]

CHV 2fs
+ VHV 2_ref

− Verr_org. (28)

Equation (28) can be further modified as

VHV 2[k + 2] =
Δadp

CHV 2fs

diHV 2

dDf
|Df=Df

+ VHV 2_ref − Verr_org. (29)

The cost functions with voltage predictions V (2)
HV 2[k + 2] and

V
(3)
HV 2[k + 2] are

ct(2) = V 2
err_org (30)

ct(3) =

(
Δadp

CHV 2fs

diHV 2

dDf
|Df=Df − Verr_org

)2

. (31)

Due to the steady-state assumption, (32) has to hold true

ct(2) < ct(3). (32)

Therefore, the maximum prediction error Verr_org_max can be
obtained as

Verr_org <
Δadp

CHV 2fs

diHV 2

dDf
|Df=Df = Verr_org_max. (33)

Now, consider the cost function defined in (16) with the
second term G2 enabled. Set α1 = 1. The cost functions with
the voltage prediction V

(2)
HV 2[k + 2] and V

(3)
HV 2[k + 2] become

ct(2) = V 2
err_ mod (34)

ct(3) =

(
Δadp

CHV 2fs

diHV 2

dDf
|Df=Df − Verr_ mod

)2

+ α2

(
Δadp

CHV 2fs

diHV 2

dDf
|Df=Df

)2

(35)

where Verr_mod is the steady-state error with the term G2

enabled.
Due to the steady-state assumption, substitute (33)–(35) in

(32), the maximum prediction error Verr_mod_max becomes

Verr_ mod < Verr_org_max(1 + α2) = Verr_mod_max. (36)

The steady-state error is dependent on the working points of
the converter such as power and the terminal voltage ratio. The
conclusion can be drawn from (33) that smaller the step Δadp,
bigger the output capacitor CHV 2, and higher the switching
frequency fs are conducive for the reduction on the voltage
steady-state error. It also can be concluded from (36) that
the existence of α2 increases the original steady-state error
Verr_org_max with only G1 in the cost function by a multiplier of
(1+ α2). Higher values of α2 introduces higher attenuation to
sampling noise and damping effect; however, it may slow down
the dynamic and cause larger steady-state output voltage error.

In applications typically with large output capacitor and high
switching frequency, the error is small enough to be neglected.
However, in some cases where high voltage precision is required,
the adaptive weighting factor design proposed by Dragicevic
[35] can be adopted to address the issue.

V. EXPERIMENTAL RESULTS

The proposed methodology has been validated on a 1-kW
20-kHz laboratory prototype. The load RL is switched ON and
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Fig. 18. Experiment setup.

TABLE V
HARDWARE COMPONENTS

OFF by a solid-state circuit breaker. Bench power supply EA-PS
9360-40 3U (1 Output, 0–360 V, 0–40 A) is connected directly
to the DAB providing stiff input voltage VHV 1. The experiment
prototype is shown in Fig. 18. A TMS320F2837xD evaluation
board from Texas Instruments has been adopted as the digital
control platform that communicates with a host computer. IGBT
device SKM75GB128D is used as full-bridge switches with
1.6 μs software dead time. Two 380 μF 400 V polypropylene
capacitors from KEMET are utilized for each dc terminal. The
integrated transformer and inductor (Lp = 300 μH) are made
by MnZn ferrites with 3.9 mm2 litzs wire. The magnetizing
inductance is Lm = 3 mH. Circuit and control parameters
in Table IV are used in the experiment, otherwise specified.
The main components used in the prototype are summarized in
Table V.

A. Steady-State Error Compensation of MDCS-MPC

The effectiveness of the steady-state error compensation loop
proposed in Fig. 16 is verified in this section. Experiments are
carried out under the condition: 300 V input voltage VHV 1,
and 300 V output voltage reference VHV 2_ref . Waveforms of
the MDCS-MPC without the compensation are captured in
presence of load variation @20 Hz, as in Fig. 19. Except for the
existence of the steady-state error, without compensation, the

Fig. 19. MDCS-MPC-controlled DAB loaded with load variations @20 Hz.
Prediction compensation disabled. VHV 1 = 300 V. VHV 2_ref = 300 V.

Fig. 20. Compensation for the prediction error as illustrated in Fig. 16.
Operation under VHV 1 = 300 V and VHV 2_ref = 300 V over the whole power
range.

proposed MDCS-MPC demonstrates superior load disturbance
rejection ability in the experiment. There is no oscillation in both
transition and steady state. It is clear that there is a difference
between the steady-state values when changing the load power.
When the compensation loop is enabled, the steady error can be
much smaller compared with the results without compensations.
Fig. 20 shows the steady-state measurement results of the output
voltage mean value.

B. Performance Comparisons

The experiment results with load step up/down are provided
in Figs. 21 and 22. In Fig. 21, the input voltage is set at 300 V,
output voltage reference is set at 300 V. The load power jumps
between 1 kW and 210 W at a frequency of 20 Hz. In Fig. 22,
the input voltage is reduced to 260 V. When compared with
Fig. 21, the performance of TPS-DAB is deteriorated with PI
controller. This confirms the assessment in Fig. 13. In contrast,
when MDCS-MPC is used, the performance remains well even
when the terminal voltage is changed. The MDCS-MPC has
good performance throughout the voltage and power range. The
steady-state waveforms of Figs. 21 and 22 are presented in
Figs. 23 and 24, respectively.

Experiments on the step change of the reference voltage
are also conducted. The output voltage references are changed
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Fig. 21. Transition waveforms underVHV 1 = 300 V andVHV 2_ref = 300 V.
(a) PI controller. (b) MDCS-MPC.

Fig. 22. Transition waveforms underVHV 1 = 260 V andVHV 2_ref = 300 V.
(a) PI controller. (b) MDCS-MPC.

Fig. 23. Steady-state waveform under 300 V/300 V. (a) 1 kW. (b) 210 W.

Fig. 24. Steady-state waveform under 260 V/300 V. (a) 1 kW. (b) 210 W.
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Fig. 25. Change of voltage reference VHV 2_ref with MDCS-MPC. (a) From
260 to 300 V. (b) From 300 to 260 V.

between 260 and 300 V. The transition results are presented
in Figs. 25 and 26. In the experiment with MDCS-MPC, the
voltage overshoot/dig is very small, thus ending in fast voltage
tracking compared with the PI controller. The results again
confirm the superior performance of the proposed MDCS-MPC
in the regulation over the voltage reference.

C. Multiobjective Control

Another advantage of the proposed MDCS-MPC is the multi-
objective control capability. The experiment circuit is configured
as Fig. 15 to demonstrate the performance. The DAB converter is
responsible for both output voltage regulation and input voltage
stabilization. The cost function proposed in (19) is used. The
value of Lf is 11 mH. The output capacitor CHV 2 is reduced
to 150 μF. The experiment result is shown in Fig. 27. The
converter starts operating with G3 disabled. The input voltage
VHV 1 oscillates due to the impedance instability [34]. The output
voltage VHV 2 is not affected. It is still tightly regulated at 270 V.
At the time instance t1, the stabilization term G3 is enabled. The
input voltage gets quickly stabilized. During the period t1–t2, the
regulation of VHV 2 is inevitably affected; however, both control
objectives have been coordinately achieved at t2.

D. Computational Time

The computational time of the proposed MDCS-MPC is
evaluated, as shown in Fig. 28. The PI controller takes 4.2 μs
to run while, in contrast, the time to run MDCS-MPC varies
with μ. In the experiment, μ = 11 has already demonstrated

Fig. 26. Change of voltage reference VHV 2_ref with PI controller. (a) From
260 to 300 V. (b) From 300 to 260 V.

Fig. 27. Multiobjective control on both terminal voltages.

good performance against PI controller, and it only takes 18.6μs.
Since 20 kHz switching frequency is utilized, 50 μs is available
in one sampling period. Therefore, there is sufficient headroom
for implementing A/D sampling, digital filters, MODBUS com-
munication, protections, etc.
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Fig. 28. Measurement of computational time.

VI. CONCLUSION

In this article, an MDCS-MPC is proposed to TPS-DAB.
Compared with conventional PI control, MDCS-MPC provides
benefits that are as follows.

1) The MDCS-MPC presents good performance throughout
wide voltage and power range. It utilizes global control
parameters, which eases the design.

2) The flexibility of the finite-control set-model-predictive
control has been enabled by MDCS-MPC in TPS-DAB.
Multiobjective control can be easily achieved.

3) It is feasible to implement the MDCS-MPC on commercial
control platforms due to the use of a small prediction
horizon.

The performance of the proposed MDCS-MPC and PI is
compared in the experiment with TPS-DAB. Theoretical claims
have been confirmed.

REFERENCES

[1] K. W. Hu and C. M. Liaw, “Incorporated operation control of DC microgrid
and electric vehicle,” IEEE Trans. Ind. Electron., vol. 63, no. 1, pp. 202–
215, Jan. 2016.

[2] X. Zhaoxia, Z. Tianli, L. Huaimin, J. M. Guerrero, C.-L. Su, and
J. C. Vasquez, “Coordinated control of a hybrid-electric-ferry shipboard
microgrid,” IEEE Trans. Transp. Electrif., vol. 5, no. 3, pp. 828–839,
Jul. 2019.

[3] S. Guenter et al., “Load control for the DC electrical power distribution
system of the more electric aircraft,” IEEE Trans. Power Electron., vol. 34,
no. 4, pp. 3937–3947, Apr. 2019.

[4] L. Chen, L. Tarisciotti, A. Costabeber, F. Gao, P. Wheeler, and P. Zanchetta,
“Advanced modulations for a current-fed isolated DC-DC converter with
wide voltage operating ranges,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 7, no. 4, pp. 2540–2552, Dec. 2019.

[5] Y. Shi, R. Li, Y. Xue, and H. Li, “Optimized operation of current-fed
dual-active bridge DC-DC converter for PV applications,” IEEE Trans.
Ind. Electron., vol. 62, no. 11, pp. 6986–6995, Nov. 2015.

[6] Y. W. Cho, W. J. Cha, J. M. Kwon, and B. H. Kwon, “High-efficiency
bidirectional DAB inverter using a novel hybrid modulation for stand-alone
power generating system with low input voltage,” IEEE Trans. Power
Electron., vol. 31, no. 6, pp. 4138–4147, Jun. 2016.

[7] Q. Ye, R. Mo, and H. Li, “Stability analysis and improvement of a dual-
active bridge (DAB) converter enabled DC microgrid based on a reduced-
order low frequency model,” in Proc. IEEE Energy Convers. Congr. Expo.,
2016, pp. 1–7.

[8] Q. Ye, Ran Mo, and H. Li, “Impedance modeling and verification of a dual-
active bridge (DAB) DC/DC converter enabled DC microgrid in FREEDM
system,” in Proc. IEEE 8th Int. Power Electron. Motion Control Conf.,
2016, pp. 2875–2879.

[9] A. R. Alonso, J. Sebastian, D. G. Lamar, M. M. Hernando, and A.
Vazquez, “An overall study of a dual-active bridge for bidirectional
DC/DC conversion,” in Proc. IEEE Energy Convers. Congr. Expo., 2010,
pp. 1129–1135.

[10] H. Bai, C. C. Mi, and S. Gargies, “The short-time-scale transient pro-
cesses in high-voltage and high-power isolated bidirectional DC-DC con-
verters,” IEEE Trans. Power Electron., vol. 23, no. 6, pp. 2648–2656,
Nov. 2008.

[11] C. Mi, H. Bai, C. Wang, and S. Gargies, “Operation, design and control of
dual H-bridge-based isolated bidirectional DC-DC converter,” IET Power
Electron., vol. 1, no. 4, pp. 507–517, Dec. 2008.

[12] B. Farhangi and H. A. Toliyat, “Piecewise linear model for snubberless
dual-active bridge commutation,” IEEE Trans. Ind. Appl., vol. 51, no. 5,
pp. 4072–4078, Sep. 2015.

[13] S. Shao, H. Chen, X. Wu, J. Zhang, and K. Sheng, “Circulating current
and ZVS-on of a dual-active bridge DC-DC converter: A review,” IEEE
Access, vol. 7, pp. 50561–50572, 2019.

[14] B. Zhao, Q. Yu, and W. Sun, “Extended-phase-shift control of isolated
bidirectional DC-DC converter for power distribution in microgrid,” IEEE
Trans. Power Electron., vol. 27, no. 11, pp. 4667–4680, Nov. 2012.

[15] B. Zhao, Q. Song, and W. Liu, “Efficiency characterization and optimiza-
tion of isolated bidirectional DC-DC converter based on dual-phase-shift
control for DC distribution application,” IEEE Trans. Power Electron.,
vol. 28, no. 4, pp. 1711–1727, Apr. 2013.

[16] S. Shao, M. Jiang, W. Ye, Y. Li, J. Zhang, and K. Sheng, “Optimal phase
shift control to minimize reactive power for a dual-active bridge DC-DC
converter,” IEEE Trans. Power Electron., vol. 34, no. 10, pp. 10193–10205,
Oct. 2019.

[17] P. Karamanakos, T. Geyer, and S. Manias, “Direct voltage control of DC–
DC boost converters using enumeration-based model-predictive control,”
IEEE Trans. Power Electron., vol. 29, no. 2, pp. 968–978, Feb. 2014.

[18] B. Wang, V. R. K. Kanamarlapudi, L. Xian, X. Peng, K. T. Tan, and P. L. So,
“model-predictive voltage control for single-inductor multiple-output DC–
DC converter with reduced cross regulation,” IEEE Trans. Ind. Electron.,
vol. 63, no. 7, pp. 4187–4197, Jul. 2016.

[19] F. M. Oettmeier, J. Neely, S. Pekarek, R. DeCarlo, and K. Uthaichana,
“MPC of switching in a boost converter using a hybrid state model with
a sliding mode observer,” IEEE Trans. Ind. Electron., vol. 56, no. 9,
pp. 3453–3466, Sep. 2009.

[20] S. Dutta, S. Hazra, and S. Bhattacharya, “A digital predictive current-mode
controller for a single-phase high-frequency transformer-isolated dual-
active bridge DC-to-DC converter,” IEEE Trans. Ind. Electron., vol. 63,
no. 9, pp. 5943–5952, Sep. 2016.

[21] Z. Shan, J. Jatskevich, H. H.-C. C. Iu, and T. Fernando, “Simplified load-
feedforward control design for dual-active-bridge converters with current-
mode modulation,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 6, no. 4,
pp. 2073–2085, Dec. 2018.

[22] J. Huang, Y. Wang, Z. Li, and W. Lei, “Unified triple-phase-shift control
to minimize current stress and achieve full soft-switching of isolated
bidirectional DC-DC converter,” IEEE Trans. Ind. Electron., vol. 63, no. 7,
pp. 4169–4179, Jul. 2016.

[23] K. Wu, C. W. de Silva, and W. G. Dunford, “Stability analysis of isolated
bidirectional dual-active full-bridge DC–DC converter with triple-phase-
shift control,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 2007–2017,
Apr. 2012.

[24] T. Dragicevic, “model-predictive control of power converters for robust
and fast operation of AC microgrids,” IEEE Trans. Power Electron., vol. 33,
no. 7, pp. 6304–6317, Jul. 2018.

[25] L. Tarisciotti et al., “model-predictive control for shunt active filters with
fixed switching frequency,” IEEE Trans. Ind. Appl., vol. 53, no. 1, pp. 296–
304, Jan. 2017.

[26] L. Tarisciotti, P. Zanchetta, A. Watson, S. Bifaretti, and J. C. Clare,
“Modulated model-predictive control for a seven-level cascaded h-bridge
back-to-back converter,” IEEE Trans. Ind. Electron., vol. 61, no. 10,
pp. 5375–5383, Oct. 2014.

[27] T. Dragicevic, “Dynamic stabilization of DC microgrids with predictive
control of point of load converters,” IEEE Trans. Power Electron., vol. 33,
no. 12, pp. 10872–10884, Dec. 2018.

[28] N. Hou, W. Song, and M. Wu, “Minimum-current-stress scheme of dual-
active bridge DC-DC converter with unified phase-shift control,” IEEE
Trans. Power Electron., vol. 31, no. 12, pp. 8552–8561, Dec. 2016.

[29] A. Tong, L. Hang, G. Li, X. Jiang, and S. Gao, “Modeling and analysis of
a dual-active-bridge-isolated bidirectional DC/DC converter to minimize
RMS current with whole operating range,” IEEE Trans. Power Electron.,
vol. 33, no. 6, pp. 5302–5316, Jun. 2018.



CHEN et al.: MDCS-MPS FOR DUAL-ACTIVE BRIDGE WITH THE TRIPLE-PHASE SHIFT 8637

[30] K. Zhang, Z. Shan, and J. Jatskevich, “Large- and small-signal average-
value modeling of dual-active-bridge DC–DC converter considering power
losses,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 1964–1974,
Mar. 2017.

[31] S. Kouro, P. Cortés, R. Vargas, U. Ammann, and J. Rodríguez, “model-
predictive control—A simple and powerful method to control power
converters,” IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1826–1838,
Jun. 2009.

[32] J. Slotine and W. Li, Applied Nonlinear Control, vol. 199. Englewood
Cliffs, NJ, USA: Prentice-Hall, 1991.

[33] P. Liutanakul, A.-B. Awan, S. Pierfederici, B. Nahid-Mobarakeh, and F.
Meibody-Tabar, “Linear stabilization of a DC bus supplying a constant
power load: A general design approach,” IEEE Trans. Power Electron.,
vol. 25, no. 2, pp. 475–488, Feb. 2010.

[34] J. Sun, “Impedance-based stability criterion for grid-connected inverters,”
IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075–3078, Nov. 2011.

[35] T. Dragicevic, “Dynamic stabilization of DC microgrids with predictive
control of point-of-load converters,” IEEE Trans. Power Electron., vol. 33,
no. 12, pp. 10872–10884, Dec. 2018.

Linglin Chen received the M.Sc. degree in electri-
cal engineering from Zhejiang University, Hangzhou,
China, in 2016. He is currently working toward the
Ph.D. degree with the Power Electronics, Machine
and Control group at the University of Nottingham,
Nottingham, U.K.

He was a Visiting Scholar with the Department
of Energy Technology, Aalborg University, Aalborg,
Denmark.

His current research interests include high-power
ac/dc converters, high-current dc/dc power convert-

ers, model-predictive control, and power distribution system in more electric
aircrafts.

Lyuyi Lin received the B.S. degree in electrical en-
gineering from Tongji University, Shanghai, China,
in 2016. She is currently working toward the Ph.D.
degree in electrical engineering with Zhejiang Uni-
versity, Hangzhou, China.

Her current research interests include differential
power processing in photovoltaic applications and
digital control of power converters.

Shuai Shao (Member, IEEE) received the B.S. de-
gree from Zhejiang University, Hangzhou, China, in
2010, and the Ph.D. degree in electrical and electronic
engineering from the University of Nottingham,
Nottingham, U.K., in 2015.

In 2015, he joined the College of Electrical Engi-
neering, Zhejiang University, as a Lecturer. He has
authored or coauthored more than 30 peer-reviewed
technical papers. His research interests include solid-
state transformers, bidirectional dc–dc converters,
and fault detection in power converters.

Dr. Shao serves as a Guest Associated Editor for the IEEE JOURNAL OF

EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS.

Fei Gao (Member, IEEE) received the Ph.D. degree
in electrical engineering from the University of Not-
tingham, Nottingham, U.K., in 2016.

From 2016 to 2019, he was with the Department
of Engineering Science, University of Oxford, U.K.,
as a Postdoctoral Researcher. From 2010 to 2012,
he was with Jiangsu Electric Power Research Insti-
tute, Nanjing, State Grid Corporation of China. Since
2019, he has been with Shanghai Jiao Tong Univer-
sity, Shanghai, China, as an Associate Professor. His
current research interests include modeling, control,

power management, and stability of power electronics-enabled microgrids and
more electric transportation systems.

Dr. Gao was a recipient of the European Union Clean Sky Best Ph.D. Award
in 2017 and IET Control and Automation Runner-Up Ph.D. Award in 2018.

Zhenyu Wang (Member, IEEE) received the B.S.
degree in electrical engineering from Chongqing Uni-
versity, Chongqing, China, in 2012, and the M.S. and
Ph.D. degrees in power electronics from the Univer-
sity of Nottingham, Nottingham, U.K., in 2014 and
2018, respectively.

He was a Visiting Scholar with the LEMUR Re-
search Group at the University of Oviedo, Spain,
from 2016 to 2017. He is currently a Research Fellow
with the Power Electronics, Machines and Control
Group, University of Nottingham, Nottingham, U.K.

His research interests include SiC and GaN devices and applications, dc–dc
converters for marine and aerospace applications, magnetic components for
power electronic converters, and power converter control.

Patrick W. Wheeler (Senior Member, IEEE)
received the B.Eng. (hons.) degree and the Ph.D.
degree in electrical engineering for his work on matrix
converters from the University of Bristol, Bristol,
U.K., in 1990 and 1994, respectively.

In 1993, he moved to the University of Nottingham
and worked as a Research Assistant with the De-
partment of Electrical and Electronic Engineering. In
1996, he became a Lecturer in the Power Electronics,
Machines and Control Group at the University of
Nottingham. Since 2008, he has been a Full Professor

in the same research group. He is currently the Head of the Department of
Electrical and Electronic Engineering at the University of Nottingham and the
Li Dak Sum Chair Professor in electrical and aerospace engineering with the
University of Nottingham China, Ningbo, China. He has authored/coauthored
500 academic publications in leading international conferences and journals.

Prof. Wheeler is a member of the IEEE POWER ELECTRONICS SOCIETY Ad-
Com and was an IEEE POWER ELECTRONICS SOCIETY Distinguished Lecturer
from 2013 to 2017.
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recipient of the Končar prize for the best industrial Ph.D. thesis in Croatia, and
the Robert Mayer Energy Conservation Award.



<<
  /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 false
  /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 false
  /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 false
  /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


