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ABSTRACT A fast dynamic response is one of the key demands for the dual active bridge (DAB) dc-dc
converter to achieve a well-regulated output voltage over a wide range of operating conditions. Recently,
model predictive control (MPC) has become a promising alternative to achieve fast dynamic response when
compared to other classical converter control techniques. This paper presents an MPC based control approach
augmented with a current stress optimized scheme based on triple phase shift (TPS) modulation to improve
the dynamic performance and maintain a desired output voltage level without violating a minimum current
stress constraint. A prediction model has been developed to accurately predict the dynamic behavior of the
output voltage in the next horizon under the input voltage variations and load disturbances. As the model is
developed using the TPS modulation thus inner phase shifts of the H-bridges as well as system’s states are
required to solve the formulated control problem. The inner phase shifts of the H-bridges are calculated using
current stress optimized TPS scheme. Simulation and experimental results are provided to demonstrate the
merits of the proposed control algorithm which includes a fast dynamic response without no overshoots in
the output voltage, fixed switching frequency, low computational complexity and high degree of robustness.

INDEX TERMS Dual active bridge (DAB) dc-dc converter, triple phase shift (TPS), model predictive

control(MPC), dynamic performance.

I. INTRODUCTION
Isolated dual active bridge (DAB) dc-dc converters, first
proposed in [1], have received significant attention from
the research community recently. They offer the advantages
of high power density, bidirectional power flow, electrical
isolation and the potential for soft switching. As such, they,
or converters based on them, have been proposed for applica-
tion areas such as renewable energy source interfaces, flexible
AC transmission (FACTS), solid state transformers, drives
systems and high voltage DC transmission (HVDC) [2]{6].
The DAB dc-dc converter, shown in Fig. 1, consists of two
H-bridges (HB) linked by a high frequency transformer. The
transformer provides isolation and the leakage inductance is
used as an energy storage and power transfer element. The
power transfer and output voltage level of the converter can
be controlled by single phase shift (SPS) modulation which
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modulates the phase shift ratio between the two H-bridges
to obtain the required set points. SPS modulation is the
most basic and simple technique which is widely used due
to its easy implementation [29]. It can also achieve max-
imum power, however, this modulation scheme results in
high ac current through the inductor, high reactive power
and a loss of soft switching when the voltage gain deviates
from one [29].

Various modulation techniques have been introduced to
solve these problems; multiple phase shift modulation tech-
niques introducing the inner phase ratios in each bridge of the
DAB converter are among the most effective methods [29].
Based on the number of the phase shift ratios, these modula-
tion methods can be classified as extended phase shift (EPS),
dual phase shift (DPS) and triple phase shift (TPS). Compared
with other modulation schemes, TPS utilizes all three avail-
able phase shift ratios and can maximize efficiency. It offers
the advantages of reduced current stress and elimination of
reactive power in the high frequency ac link, thus increasing
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the efficiency of the DAB dc-dc converter. This modulation
scheme presents three degrees of freedom by allowing the
control of the outer phase shift ratio between the two HBs
as well as the inner phase shift ratios of HB1 and HB2. Based
on the ranges of the three phase shifts, many distinct modes
of operation can be obtained, each mode offering a different
waveform and peak current for the same output voltage and
transmission power. Many optimization control algorithms
have been presented to find the optimal values of phase shift
ratios, therefore minimizing current stress and the rms value
of the inductor current [21]-{24].

The focus of the discussed modulation schemes is to the
reduce current stress, eliminate reactive power and extend the
soft switching operating range. However, in typical applica-
tions, such as those described above, dc-dc converter suffers
from input source fluctuations, load transitions, and changes
in output voltage demand. Thus, efficient control algorithms
are also required for robust and fast dynamic performance of
the DAB converter.

In recent years, model predictive control (MPC) has
emerged as a promising solution to obtain fast dynamic
response when compared to existing classical techniques
used to control power converters [7], [8]. MPC explicitly
utilizes a model of the system requiring control. The con-
trol action is calculated by minimizing a cost function that
specifies the system behaviour. This cost function aims to
minimize the error between predicted output and the refer-
ence using the system model. Since MPC can incorporate
all the parameters/states of the system into the prediction
model and thus can achieve a fast dynamic response whilst
avoiding the complication of nested loops [8]. It can also be
used efficiently in systems where multi-variable control is
required. Furthermore, it allows the inclusion of non-linear
effects and constraints in the control law in an uncomplicated
manner [8], [27]. The performance of classical controllers
such as proportional integral (PI) controller depends on the
appropriate tuning of their parameters k; and k,, whereas
in MPC schemes, there are no parameters to adjust [27].
Similarly, [37] has shown the relation between stability and
the bandwidth of the PI controller, stating that increase in
frequency can expand the stability range. Application of MPC
based controller eliminates bandwidth limitation of the sys-
tem [27]. Moreover, MPC eradicate the need of designing
observers [32]. [35] and [36]. Observers are designed only to
estimate the states that are otherwise not possible to measure
easily [33]. However, MPC potentially suffers from compu-
tational burden owing to solving optimization problems in
case of long prediction horizons. Different variants of MPC
such as finite control set MPC and move blocking techniques
have been presented to reduce the computational burden [9]
and [10]. Thus, MPC based control algorithms have outper-
formed the traditional control techniques and currently the
focus of the researcher is to develop the accurate model of the
converter to be used in the optimization of the control process
rather than proving the superiority of the MPC based control
schemes [9], [14], [17], [33]-[36].
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MPC algorithms have been extensively applied to
different converter topologies to achieve fast dynamic per-
formance [11]-[20] and [30]-[36], including active rec-
tifiers [11], indirect matrix converters [12], three-level
converters [13], voltage source inverters [14], and neutral-
point-clamped converters [15]. MPC has also been imple-
mented to optimize the dynamic performance of DAB dc-dc
converters [16]—[20]. However, the existing applications of
MPC in DAB converters are limited to the design of MPC
based control for conventional modulation schemes such as
SPS and DPS [16]-[20]. The control of the DAB converter
operating under TPS is rarely addressed due to the complexity
related to the development of the prediction model of the
converter. Since there are three phase shifts as well as many
different operating modes contributing to the difficulty of the
control design [32]. An MPC based approach has been used
in [32] to control the DAB converter operating under TPS and
supplying power pulsed loads. The authors have proposed
a finite control set MPC inspired approach by discretizing
the outer phase shift. Thus an optimal phase shift needs to
be searched in the discretized set of the phase shift val-
ues making the proposed control technique computationally
troublesome.

This paper proposes an MPC technique with current
stress optimization (CSO) based on the unified triple phase
shift (UTPS) algorithm presented in [25] for a DAB dc-dc
converter, to improve the dynamic performance and provide
a well-regulated output voltage while realizing minimum
current stress. In order to regulate the output voltage a control
problem is defined which minimizes the error between the
predicted output voltage and the desired voltage by control-
ling the phase shift between the H-bridges. A mathematical
model is derived in this paper to predict the output voltage of
the converter in the next horizon. As the model is developed
using the TPS method the inner phase shifts of the H-bridges
as well as system’s states are required to solve the formulated
control problem. The inner phase shifts of the H-bridges are
calculated from expressions presented in [25] by utilizing
karush-Kuhn-Tucker (KKT) equations to keep the current
stress at a minimum. The optimal phase shift ratio results in
fast dynamics in case of any disturbances in input, load or
output response to the changing reference.

The rest of the paper is organized as follows: Section-II
describes the TPS modulation scheme in detail. Section-III
discusses the development of the prediction model for the
output voltage of the converter. The MPC formulation is
presented in Section-IV. Simulation results are presented in
Section-V while the experimental results are presented in
section-VI. Section-VII provides the conclusion of the paper.

1. UNIFIED TRIPLE PHASE SHIFT

A DAB dc-dc converter is shown in Fig. 1, and its general
operating wave-forms under TPS control are shown in Fig. 2.
Vin and Vj are the dc voltages of the two HBs of the converter,
Vap and Vcd are the ac equivalent voltages of HBs on the
input side. Vcd can be presented as the product of n and Vg4,
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FIGURE 1. DAB DC-DC Converter.

where n denotes the primary to secondary turns ratio of
the transformer. S, denotes the semiconductor switch, which
consists of the active switch Ty, anti-parallel diode D, and
the junction capacitance C,. L is the sum of any added series
inductance and the leakage inductance of the transformer and
iL, shows the inductor current. Ty is the switching period while
the half switching period is given by Ty and f is the switching
frequency. The inner phase shifts ratios for HB1 and HB2 are
defined as Dy with range 0 < D; < 1 and D, with range
0 < Dy < 1, respectively. The outer phase shift ratio between
Vap and Vcd is D3 with the range —1 < D3 < 1.

Moreover, Dy is defined as the phase shift ratio between the
fundamental components of V,; and Vcd, which is related to
other phase shifts given as:

Dy =D3 +Dy/2—Dy/2

As shown in Fig. 2, the switches on the same leg of the
DAB always conducts in alternate half cycles such as S and
S3, and S; and S4 conduct in alternate half cycles. D is the
shift between the turning on of switch Sy and S; as shown
in Fig. 2. Switches S| and S4 conducts in this duration while
Sy and S3 are off resulting in voltage V,;,, which is equal to
Vin, across the output of HB1. S, is turned on after Dy, thus
S1 and S; are conducting during this interval and no voltage
appears across the output terminals of the HB1 until switch Sy
is turned off at the end of half cycle. S, and S3 conduct from
the start of half cycle until S, is turned off. At this interval
the magnitude of V,;, is same as the input voltage but with
negative direction.

Similarly, D; is the shift between the turning on of switch
Ss and S¢ of HB2 as shown in Fig. 2. Switches S5 and Sg
conducts in this duration while S¢ and S; are turned off
making V.4 equal to Vy. S¢ is turned on after Dy, thus Ss
and S¢ are conducting during this interval resulting on zero
voltage until switch S5 is turned off at the end of half cycle.
Se and S7 conduct from the start of the next half cycle until
Se is turned off. At this interval the magnitude of V4 is same
as the output voltage but with negative direction.

D3 is the phase shift between the first switch S; of HB1 and
the first switch S5 of HB2, which is same as the phase shift
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FIGURE 2. General operating waveforms of DAB with TPS.

TABLE 1. Mode Operational Constraints [25].

Switching Mode | Mode operational constraints

Mode I ogpfg%, 1

Mode I 0o<pD, <t D2

Mode II %7%|§Df§mm{%+%,1f%f%}
Mode IV 1_%_%2SDf§%+%

Mode V %—F%Sngl—%—%

between the voltages V,, and Vcd. The inductor current slope
changes based on the switching pattern as shown in the Fig. 2,
and a switching period can be divided to small intervals
depending on the shape of current waveform. The current
equations for each interval are derived and discussed in detail
in the subsequent section.

Expressions for the base values of power Pj and current /I,
are defined in terms of input voltage V;,, series inductance L
and switching period T as given by (1)

VinTs V,%lTs
Ib = ), b= T
2nL 2L

P, is the required transmission power and P,,, is the required
transmission power normalized to base power given by (1).
Iy, represents the current stress normalized to base current 1,
given by (1).

Five distinct switching mode results based on the switching
sequence of the two HBs for the operational constraints are
presented in Table.1 [25]. The operating waveforms for all
modes, which are used to derive the expressions for nor-
malized transmission power and current stress, are given

ey
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TABLE 2. Optimal control parameters for selected switching modes [25].

Mode | Power range Local optimal control parameters
—d)d2n /2P, D1, 2(1—d)m Pon,
Mode IA: [0, %] Dl,opt = (fPZiT)L.,ra 1' Bt S DQ-OPt S 1 Df,,pt = \/(TZ
1
11 [dr— spm 1 1 _ 1 /dr—8Pon 1
O—dd®r dn 5~ 5\/ ,0<d< B B 1—1\/ o 0<d< 3
IB: =57, % Drope=97 1 dr—8Pon » Daopt =1, Dpope =9 " |
2ty T J<d<o0 itay T3 <d<o
d(1—d on _ _ V/20-d)mPon
Mode | TIA: [0, $2=47] Diopt = (2 — d)/ ffd)w, Da,opt = 1/ 72228, D ops = VRO d)nPon
1I i
IIB:[‘;E;73)>2 , 4 Diopt =1, Daopt = 5 + 3 \/dl7r ren Dy opy = 1+1 \/d7r 8Pon
_ 2. 2(1—d)mPyn,
Mode | IIA:[0, &=99°r] Diopt = ,/(f”;’;ﬂ, Daopt = g1/ atizs Dsopt = 7\/ S
111 2 3 3d)2 3
t(=d)d®r dm _ 2 (2—3d)2(dn—6Pon) _ 2 1 (2—3d)2(dw—6Pon)
IIB: [ 2 v?] Diopt = 3 3 (1—3d+3d?)dr s Da,opt = 3 7 3(2=3d) (1=3d+3d?)dn~
D _ 1 _ _1-3d (2—3d)2(dm— 6Pon>
f.opt = 3 6(2—3d) (1—3d+3d2)dn
l_l\/drrSPm,O<d< l_l\/dw—8Pon0<d<l
— 2r s T ’ —
Mode | IVA:[0, %] Di,opt = ? : /d dSP s D2,opt = 1, Dyopt = zll le /d dsP 1 :
v 5"‘2 % <d<0 11+ %,5<d§0
d°m drn dm—4Pon d(dm—4Pyn,
IVB: [¥7 1 T Diopt =1—(1—4d) a- 2d+2d2)dﬂ7 Daopt =1, Dy opt = % — % w
Mode VA[O, W] Dl,opt — 27"Pon l)2 opt = Pon Df,o = %
\ d?r _ dm dn—8P, dr—8P,
VB:[sa7ge: ¥ Diopt = 5 = 5\/va D‘Aopt =5+ 5\/T°"» Dyopt = 3

in [25]. The Karush-Kuhn-Tucker (KKT) approach, which
takes into account all the equality and inequality constraints
in solving an optimization problem, has been used to find
the optimized solution given by X, = (D opr, D1,0pt> D2,0pt)
for minimum current stress. D1,opr, D2,opr> D3,0pr and Dy o
represents optimal phase shifts. The boundary conditions of
the optimal phase shifts result in two different transmission
ranges: the lower transmission power range is identified as
range-A and the higher transmission power range is referred
to as range-B. The optimal phase shift values resulting in
minimum current stress and the transmission power ranges
arising from the optimal control parameters of each mode are
given in the Table. 2. The optimal phase shifts depend on
required normalized transmission power P,, and d where d
is conversion ratio given below.

a=0

Vin

Ill. MATHEMATICAL MODELLING OF THE CONVERTER
Mode-III and mode-IV have been proven as the global opti-
mal operating modes to obtain minimum current stress for
low and high power ranges in [25]. This paper has focused
only on mode-III; the same procedure can be followed for
mode-IV and other modes. The inductor voltage and current
waveform for mode-III are shown in Fig.2. Assuming that
Vap > Vcd, inductor voltage V;, and current iz (¢) are given
by (2) and (3), respectively:

VL = Vab - Vcd (2)
ir(t) = S 3
L dt

Only half of the sampling period #y-4 is considered due to
symmetry. There are four intervals fo-t1, t1-12, t2-t3 and 13-4
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as shown in Fig.2. The inductor current at the start of the
sampling period and at the end of each interval calculated
using (3) are given by (4a)-(4e) [26].

. Tan

ir(tp) = (D2 — KDy) (4a)

. snvo

iL(t) = (D2 — KD1 + 2KD3) (4b)

. Tan

ir(t2) = (D2 + KDy — 2Dy + 2D3) (4c)
S VO

ir(t3) = (KDl D») (4d)

ir(t4) = —Dy) (4e)

where

K = % Vap = Vip and Veg = nVj,.

The avcedrage current for each interval can be calculated as
given below [18]:

iy = I (52)
v = I (5b)
vy = (2 (50)
iy = (5d)

KCL is applied at the output node to find differential
equation of the output voltage for each interval as follows:

dv, DT,

IR [0’ 37] ()
dVo I . D3Ts DTy

i lL( 2) 10 € [ ) ) :| ( )
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Vo - . DTy (Dy + D3)T;

— =ir(3) —ig t 6
o ir(t3) —ip t € |: > ) i| (6¢)
dV() . (D2 + D3)Ts

—_— = — t — 1 6d
o io 1€ [ 5 } (6d)

yvhere i, is output current of the converter. Currents iL(t2) and
ir (t3) calculated using (4) and (5) are presented

- TsnV,
ir(n) = L (D2 + KD3 — D1 + D3) (7
- TnV,
iL(t3) = =~ (KD| — D1 + D3) ®)
4L
The average differential output equation is given as:
dvy  TsnV, 5 )
—_—= KD 2KD3D KD1Dy) — 9
7 4L(3+ 3D1 +KD1Dy) —ip  (9)
Putting the value of K in (9) we get
Mo _ IV 32 4 opspy 4+ DDy — iy (10)
- a3 3D 102 0
dvi Votk + 1) — Vo(k
dVo _ Yotk +1) = Vok) (11
dt Tk41 — T
dvi Voltk + 1) — Vo(k
dVo _ Votk +1) = Vo(k) (12)
dr T

The Euler equation given in (11) and (12) is used to dis-
cretize (10) to find the predicted value for the output voltage
at time (k+1). Thus, the output voltage for the next state can
be predicted by:

Vin 2 io

Volk + 1) = Vo(k) + ———(D5 + 2D3Dy + D1Dy) — —
ok +1) o()+4Cf2L( 5 +2D3D1 + D1 D2) e
13)

IV. MPC FORMULATION
The MPC strategy involves the prediction of future outputs at
each sampling instant, k, for a prediction horizon, N, using
the prediction model presented in section III. The predicted
outputs V(k + j/k) for j = 1...N depend on the future
control input signals D3(k + j/k) forj = 0...N — 1,
as shown in (14).
Vin
4CF2L
0]
+2D1D3(k/k) + D1D) e

Volk + 1/k) = Vo(k) + (D3(k /k)

(14)

The predicted output voltage and optimal phase shift D_3
which is the controlled input over the prediction horizon N
can be defined in vector form as given in (15) and (16),
respectively.

V = [Volk+1/k) Votk+2/k)... Votk+N/b)]" (15
D3 = [Ds(k) D3tk +1) ... Ds(k +N = 1)]" (16)

To track the desired output voltage accurately and rapidly,
a sequence of control input signals are calculated by mini-
mizing a cost function defined over a prediction horizon N.
The function to be optimized is a quadratic function that
measures the difference of the predicted output voltage of the
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converter and a reference sequence on this horizon, subject to
some constraints. The MPC control problem for DAB dc-dc
converter with TPS can be formulated as follows.
N 2
Cost function J = Z [Vo(k +j/k)— V(;gf(k +j)]
j=1
subject to constraints

{D1 — Dy <D3 <min(D;.1—D,) modell (17

The control objective is to compute the sequence of future
control signals D3(k), D3(k 4+ 1)...... D3(k + N — 1), which
makes the output voltage V(k + j) closest to the reference
Voref (k + j) with the constraints on D3 given in (17) defined
using Table.1.

In MPC, a longer prediction horizon generally results in
better control performance and stability of the converter.
However, a longer prediction horizon also increases com-
putational complexity as the number of computations grows
exponentially with the length of the prediction horizon. More-
over, the optimization problem needs to solved at each time
step whereas the time required to solve the MPC prob-
lem is much longer than the usual sampling interval used
in power electronics converters, thus, long prediction hori-
zons are not a feasible choice in real time implementa-
tion. Therefore, a prediction horizon of N=1 is generally
used in modulator-based MPC schemes [11], [12], [18],
and [20]. A relatively longer prediction horizon can be used
in direct MPC schemes when the converter has less switches
and can be manipulated directly without a modulation
stage [9].

The system model presented in this paper is complex and
requires modulation stages. Therefore, to reduce complexity
and make the real time implementation possible the control
problem presented is solved only for a prediction horizon,
N=1. The optimal value of D3 is given by (18).

42LC(Vo - VT)  digfL
Vi Vi

D3=D1:|:\/D1D2+ (18)

It is evident from (18) that value of the output phase shift
D3 depends on the error of the output voltage, which is the
input to the predictive controller. There can be steady state
error in the output voltage due to model mismatch and pre-
cision of micro-controller as discussed in [18] and [28]. This
error can be compensated by introducing a correction factor
into the input of the predictive controller. The correction
factor is obtained from the output of the PI controller with
the normalized difference of the output voltage and reference
voltage as input [18] and [28]. However, there was no steady
state error in the output voltage as presented in the result
section while evaluating our proposed work both through
simulations and experiments. Therefore, this study has not
considered any correction factor in the design of proposed
controller.

The constraints on D3 mode-III are given by (17). If the
calculated value is out of range, then the maximum value of
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FIGURE 3. Flow diagram of proposed work.

D3 as defined in (17) will be used. Hence, (18) can be used to
find the optimal value of D3 to improve the dynamic perfor-
mance of dc-dc converter operating under TPS modulation.
The steps involved in the proposed algorithm are demon-
strated using the flow diagram given in Fig.3. At the start of
each switching period the next value of the output voltage
is calculated using the prediction model presented in the
previous section. The present values of input voltage, output
voltage and output current as well as phase shifts D and
D> are required by the model at this step. The present states
values are directly measured from the DAB circuit using
the voltage and current sensors thus eliminating the need
of observers [32], [35], and [36]. While equations derived
using KKT optimizations are used to calculate the optimal
values of phase shifts to limit the current stress. The next step
is to find the value of D3 by minimizing the cost function
which consists of the error between the predicted output next
state voltage and the reference. The subsequent step is to
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check and implement the constraints on D3 to ensure that the
converter is operating in mode-III which is the minimum cur-
rent stress operating mode. Finally, the optimal values of the
phase shifts are applied to converter, which ensure minimum
current stress as well as fast transient response. Moreover,
as mentioned in [25] that UTPS modulation strategy can
achieve soft switching in the whole operating range, thus the
augmentation of the proposed control algorithm with UTPS
also results in soft switching.

The proposed control implementation to improve the
dynamic performance of DAB dc-dc converter operating
under TPS is also shown in the block diagram presented
in Fig.4. D1 opr, D2,opr» D3,0pr are the input parameters to
the converter. The inner phase shifts Dy oy, and D oy, are
calculated from the Table.2 presented in [25] using the KKT
optimization. The KKT optimization needs P,, and d as
inputs to calculate inner phase shifts. The predictive con-
troller calculates the optimal value of outer phase shift D3 ),
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V. SIMULATION RESULTS

To evaluate the proposed work, extensive simulations have
been carried out using PLECS. The simulation parameters
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FIGURE 8. Dynamic response when input voltage (a) steps up from 230V
to 250V (b) steps down from 230V to 200V.

used for the DAB converter in this analysis are given
in Table (3). Dynamic performance has been evaluated for
mode-III.

A. START-UP PROCESS
The transient performance of the proposed control algorithm
at the start-up for the converter with operating at nominal
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S o

TABLE 3. Simulation parameters of DAB DC-DC Converter.

Parameters Symbol | Values
Input voltage Vin 230 V
Reference output voltage | V77 138V
Load resistance R 77.69 )
Input Capacitance Cy 480 uF
Output Capacitance C 150 u F
Inductance value L 226.6 1 H
Transformer ratio n 1:1
Switching frequency f 20 kHZ

operating parameters given in the Table.3 has been presented
in the Fig. 6. From Fig.6a the charging time of the output
capacitor during start-up is 9ms with no overshoot. Fig.6b
presents outer phase shift D3, it shows that D3 4, has a
very large value at the start thus the steady state is achieved
very quickly under MPC.

B. STEP CHANGES IN OUTPUT REFERENCE VOLTAGE
This subsection presents the performance of the proposed
work when a step change is required in the voltage while
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FIGURE 10. Dynamic response when load resistance (a) steps down from
77.692 to 502 (b) steps up from 77.692 to 90<.

TABLE 4. Hardware components.

Component Description Parameters
e . SKM75GB176D Vcogrs = 1700V
Switching devices I = 80A
Input Capacitors C4DE 480 uF
. IEC 61071 230 u F
Output Capacitors DownCap DTR 50 4 F
Maenetic components Core ETD 59/31/22 N97 | Lg = 226.6p H
g P Litz Wire
Voltage sensors LV 25-p tr = 25uS
LA 55-p BW=25 1S
Current sensors 200kHz.

DC source

Power analyzer DAB DC-DC converter

Scope

DC electronic load

FIGURE 11. Experimental setup.

converter is operating at the nominal parameters given
in Table. 3. The reference voltage Vgef is stepped up at
t=0.5sec from 138V to 150V, when the converter has
achieved steady state. Fig.7a shows that the time required to
achieve the new reference value using MPC is 1.6ms. Fig.7b

shows the transient results when the reference voltage V(;ef
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FIGURE 12. Dynamic response at start up(a) Output Voltage and Inductor
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is stepped down from 138V to 110V, the settling time that
the MPC needs to achieve the new reference output voltage
is 1.8ms.

C. STEP CHANGES IN INPUT VOLTAGE

The step changes the input voltage and its effect on the output
voltage of the DAB converter is evaluated in this subsection.
The input voltage is stepped up and down from the nominal
value given in the Table. 3 while converter has achieved
steady state. It is observed that the output voltage remains
unchanged with MPC when the input voltage is stepped up
from 230V to 250V and stepped down from 230V to 90V at
t=0.5sec as shown in Fig.8a and Fig.8b, respectively.

D. RIPPLE IN INPUT VOLTAGE

This subsection presents the dynamic performance of the
proposed control technique when the input source voltage
includes ripple. To evaluate the performance under the ripple
in the source voltage, the circuit used in the simulation is
shown in Fig.5. The input is supplied by rectifying an ac
source having peak value of 230V and 230Hz frequency.
A bridge rectifier is used to convert ac to dc. Although a
capacitor is used to smooth out the dc obtained from the rec-
tifier, the low frequency ripples still exist after rectification.
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FIGURE 13. Dynamic response when output reference voltage (a) steps
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For mode-III, the load is R = 77.692 and Voref = 138V,
Fig.9a shows the result when the input is switched at t=0.2s
from a constant dc source to an input having a 5V peak-peak
ripple. It shows that the output voltage is the same irrespective
of the ripple content on the input voltage. Fig. 9b shows the
transient performance when a step change is required in the
reference voltage at t=0.5s. It shows that the controller is
able to regulate the output voltage to the required reference
value. Although the ripple in the input voltage have increased,
the controller has the capability to reject the disturbances in
the input voltage.

E. STEP CHANGES IN LOAD

The robustness of the proposed control algorithm to step
changes in load is demonstrated in Fig.10. It is observed
that the output voltage remains unchanged when the load
resistance is stepped down from 77.69%2 to 50€2 and stepped
up from 77.69Q2 to 902 at t=0.5sec as shown in Fig.10a
and 10b, respectively.

VI. EXPERIMENTAL RESULTS

The proposed control algorithm has been validated using a
1kW laboratory DAB prototype. The experimental prototype
is shown in Fig. 11. Table 4 provides a list of the main compo-
nents used in the design of the hardware. The hardware setup
is adapted from [16], [19], and [32] with some modifications
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FIGURE 14. Dynamic response when load current (a) step up from 1.77A
to 2.6A (b) step down from 2.6A to 1.77A.

to the transformer design. The series inductance consists of
the leakage inductance of the transformer and a small external
inductor to adjust the total inductance of the converter. The
HBs are formed using IGBTs. A TMS320F2837xD evalua-
tion board from Texas Instrument, which communicates with
a host computer, has been used as the digital control platform.

A DC source is used as the input voltage, the nominal value
of input voltage is 230V. A DC electronic load is used at the
output of the converter. The DC electronic load can be oper-
ated in constant resistance mode or constant current mode.
To evaluate the dynamic performance of the proposed control
technique at the start up, the output reference voltage is set at
V29 = 138V resulting in a conversion ratio of d=0.6. The
electronic load is operated in the constant resistance mode
by setting the load resistance equal to 77.692. The dynamic
performance at the startup is shown in Fig.12. The output
voltage and inductor current are shown in the Fig. 12a with
voltage scaling on left y-axis and inductor current scaling on
right y-axis. Fig.12b shows the magnified waveform of the
inductor current. The converter needs 15ms to reach a voltage
of 138V at the output as set by the reference.

To check the response of the proposed control techniques to
the changes in reference output voltage, a constant resistance
equal to 77.69<2 is maintained at the output by operating the
DC electronic load in constant resistance mode. The reference
voltage is stepped up/down once the converter has reached
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steady state. Fig.13a depicts the response when the reference
voltage is stepped up from 138V to 150V, while the converter
is operating in steady state. As shown in the Fig.13a, S5ms are
required by the control algorithm to adjust the output voltage
of the converter to the new reference. Similarly, the reference
voltage is stepped down to a new value of 110V. The dynamic
performance is observed and shown in the Fig.13b.

To evaluate the dynamic performance of the proposed
control technique under the variations in load, the DC elec-
tronic load is used in current mode. The output current is
stepped up/down at the specified time instant while keeping
the reference for the output voltage constant. Fig.14a shows
the dynamic response when the load current steps up from
1.77A to 2.6A. Similarly, Fig. 14b presents the case when
the load current is stepped down from 2.6A to 1.77A. It is
observed that the output voltage remains constant irrespective
of changes in the load.

Moreover, the robustness of the proposed control technique
is also evaluated when there are fluctuations in the input
voltage as shown in Fig.15. Fig.15a shown the effect on
the output voltage when the input voltage has been changed
from 230V to 240V. Similarly, Fig.15 presents the scenario
when the input voltage is changed from 230V to 215V. These
experimental results show that converter operating under the
proposed control technique can reject disturbances generated
as a result of variations in the input voltage
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VIi. CONCLUSION

In this paper, model predictive control with current stress
optimization has been proposed to achieve fast dynamic
response in a DAB dc-dc converter operating under triple
phase shift modulation. A mathematical model has been
developed to predict the next state value of the output volt-
age. A cost function has been defined considering the error
between the predicted output voltage and the reference. Opti-
mal values of the outer phase shift are calculated by mini-
mizing the cost function. The proposed control technique has
been evaluated at start-up and under the conditions resulting
from the disturbances generated due to variations in load,
fluctuations in input voltage and step changes in reference.
Both the simulations and experimental results show that these
disturbances are successfully rejected using this technique.
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