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Abstract—This paper deals with an optimized three-level modu-
lated phase shift control using particle swarm optimization (PSO)
strategy based on the unified phasor analysis with an aim to im-
prove the efficiency of the bidirectional dual active bridge (DAB)
converter for the whole operation range. A unified mathematical
model based on Fourier transform is built for the DAB converter.
All possible operation states under the three-level modulated phase
shift control are covered. Accurate complex mathematical expres-
sions for the inductor current, the transmission power, and the
reactive power are obtained. Both modulus and angle variables
are illustrated with respect to the inner and outer phase shift
angle with the phasor diagram. The proposed method is able to
achieve the minimum reactive power under three-level modulated
phase shift control by obtaining the optimal phase-shift angles di-
rectly. The cumbersome process of the optimal operation mode
selection for different voltage conversion ratio and load conditions
in conventional methods is overcome successfully, thus greatly sim-
plifying the theoretical calculation and implementation difficulty.
Simulation and experimental results in terms of the reactive power,
soft-switching range, and efficiency are provided to verify the prac-
tical feasibility of the proposed method for the bidirectional DAB
converters.

Index Terms—Bidirectional dc—dc converter, particle swarm op-
timization (PSO), reactive power, three-level modulated phase shift

control, unified phasor analysis.
S a key component of the high-frequency power transmis-
sion system, the isolated bidirectional dc—dc converter
(IBDC) is essential to achieve a bidirectional power flow and
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galvanic isolation. The dual active bridge (DAB) converter is a
popular topology of the IBDC converter [1]-[7]. The conven-
tional control strategy for the DAB converter is named as the
phase shift square wave or single phase shift (SPS), which can
achieve adjustable transmission power and soft-switching op-
eration by control phase shift between primary and secondary
bridge. However, the single control dimension leads to cur-
rent stress and backflow power, which are uncontrollable and
monotonously increasing with the transmission. Especially in
the high voltage-conversion-ratio condition, SPS will result in
an increased reactive power, high current stress, and narrower
soft-switching region, which finally affect the conversion effi-
ciency [8]-[12].

The three-level modulated phase shift control is proposed to
solve the demerits of the SPS method. Specifically, the three-
level pulse width modulation (PWM) control can be applied in
the primary and secondary bridge to gain an additional con-
trol flexibility. It modulates the sequence of switches pairs in
the same bridge to create the inner phase shift, which could
generate a symmetric three-level PWM wave in the primary
and secondary bridges. Besides, similar as the SPS control, the
outer phase shift is implemented between the primary and sec-
ondary bridges. Basically, the three-level modulation can be
classified into two cases: one is that the three-level modulation
is adapted only in one bridge, which is called single-PWM con-
trol or extend-phase-shift control (EPS) [13]-[17]. For instance,
the performance of the EPS control is discussed in [17]. It shows
that the three-level modulated PWM wave can significantly re-
duce reactive power and extend soft-switching region, which
will improve the DAB efficiency for the entire operating range.
The other is the three-level modulation adopted by both primary
and secondary bridges. One of the two-dimensional control is
the dual-phase-shift control (DPS), which modulates both sides
of the bridge with same inner phase shift angle plus outer phase
shift [18]. To further increase the converter efficiency and con-
trol flexibility, the dual-three-level modulated phase shift control
or triple phase shift control (TPS) is proposed to further increase
the converter efficiency [18]-[22]. It generates inner phase shift
in both primary and secondary sides, which allows full control of
the DAB converter. On this basis, many optimization strategies
have been proposed with different objectives to achieve high
efficiency of a DAB converter for the whole operation range.
The power losses model and analysis are reported in [23]-[25],
which shows that the major loss of the DAB converter is the
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conduction loss and it is related to the rms current. The current
stress can be regarded as a symbol of the rms current under
the same output power, so the current-stress-optimized (CSO)
control is proposed to minimize the peak current with the same
rated power [26]—[28]. Moreover, the efficiency-optimized con-
trol schemes including conduction losses and switching losses
are also presented in [29]—-[31]. Those optimized control meth-
ods can dramatically decrease the losses and improve efficiency.

However, the mathematical model of the three-level modu-
lated phase shift method needs to build as piecewise functions
for different operation condition and time intervals [20]. The
piecewise time domain expression is complicated and inconve-
nient in the analysis of the functioning status and the design of a
control system. As the result, the CSO and efficiency-optimized
control scheme in [26] and [29] need to be divided into separate
optimized sections in terms of different load condition and volt-
age conversion ratio. The TPS has three control freedoms and it
has to be divided into six operation modes according to different
conditions among three phase-shift variables, which are illus-
trated in [ 11, Fig. 7]. Multiple operation modes make the mathe-
matical expressions for relevant parameter such as transmission
power, inductor rms current, and reactive power complicated
since they are varying with different operation modes [22]. In or-
der to search the global optimization algorithms of TPS control,
all operation modes need to be considered, which significantly
increases the complexity of optimization algorithms. Besides,
the complexity of the piecewise time domain expression makes
the algorithm implementation in a real microcontroller difficult.
For instance, the optimal operation mode selection for differ-
ent voltage conversion ratio and load conditions is necessary
in conventional methods, which is a cumbersome process since
there are in total 8 and 12 submodes in EPS and TPS control,
respectively [20]. The target optimization functions for different
modes under DPS, which are different power loss components of
DAB converters, are listed in [29, Table IV]. The Lagrangian op-
timization method is used to obtain the optimal phase-shift pairs
[29]. This process is complex since it requires multiple partial
differential calculations. Furthermore, the optimal phase-shift
angles must be calculated in an offline manner and then im-
ported into the microcontroller [29]. To avoid the complexity of
piecewise time domain expressions, a universal high-frequency-
link (HFL) expression is proposed to unify all states of the TPS
by a global mathematical model. Based on global HFL expres-
sion, the PWM plus phase-shift control is adopted in order to
reduce the reactive current [32]. However, similar to the research
in [18], the definition of the reactive current is incomplete since
only the input-side reactive current is considered. Considering
both input-side and output-side reactive current for all possible
operation modes, the mathematical expressions are very com-
plicated and the seeking for the optimal phase-shift angles is a
time-consuming process.

Many advanced iterative techniques have been utilized for
solving optimization problems such as the Lagrange multiplier
method [25], Newton’s method [33], mathematical programing
methods [34], and genetic algorithm (GA) [35]. However, these
techniques show obvious limitations such as heavy computa-
tional burden, high dependence on the initial guess setting, and
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Fig. 1. DAB converter topology.

detailed model knowledge. To address this issue, particle swarm
optimization (PSO), amethod inspired by insect swarm behavior
for food search, can be easily applied for the control optimiza-
tion problems such as the passive filter design [36], elimination
of harmonics [37], and resonant controller parameters tuning
[38]. In this paper, a PSO optimization method based on the
unified phasor analysis in the frequency domain is proposed
for the bidirectional DAB converter. Main control objective is
to obtain the optimal phase-shift angles under three-level mod-
ulated phase shift control that achieves the minimum reactive
power of the DAB converter. Compared with GA and other op-
timization methods, the proposed PSO needs less parameters to
adjust, less computational burden, and faster convergence speed.
Furthermore, the unified phasor model is built in the frequency
domain according to the Fourier transformation, unified and
accurate complex mathematic expressions for the transmission
power and the reactive power are obtained for the optimiza-
tion. Thus, the optimization removes the cumbersome process
of the optimal operation mode selection for different voltage
conversion ratio and load conditions in conventional methods,
which simplifies the theoretical calculation and the practical
implementation. Main analytical and experimental results are
presented to demonstrate the validity and effectiveness of the
proposed optimization method.

II. UNIFIED HARMONICS ANALYSIS UNDER THREE-LEVEL
MODULATED PHASE SHIFT CONTROL

A. Three-Level Modulated Phase Shift Control

Fig. 1 shows the typical structure of the DAB converter, where
the primary and secondary bridges are connected via high fre-
quency (HF) transformer and auxiliary inductor L. For any
two switches in the same bridge arm, their duty cycle signals
are complementary. In Fig. 1, Lg is equivalent as sum of the
auxiliary inductor and transformer leakage inductor, ¢, is the
inductor current, V;, and V;, are the input and output port dc
voltage, v; is the three-level square-wave voltage of the primary
side bridge and vs is the three-level square-wave voltage of the
secondary side bridge refer to the primary side, and N is the
turns ratio of the transformer.

The universal waveforms with a universal three-level mod-
ulated phase shift control are shown in Fig. 2. The angle 6,
and 6, represent the inner phase shift angle for the three-level
square wave v; and vy. Specifically, the zero-level duration for
the three-level voltage v; and v9, respectively, which brings the
benefit in reducing the reactive current by circulating the current
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Fig.2. Typical waveforms with the three-level modulated phase shift method.

inside each bridge instead of backing into the input or output
side. The phase shift ¢ is the traditional phase shift or the outer
phase shift, which is indicated in the phase shift between the
rising edge of v; and vy. For the convenience of the control, the
outer phase shift ¢ is replaced by the center point outer phase
shift @, which is defined as the phase difference between the
center points of pulse width of v; and v,. As indicated in Fig. 2,
the relationship between the center point outer phase shift @ and
other phase shift angles is ¢ = ¢ + (61 — 65)/2. Thus, with this
definition, a universal three-level modulated phase shift control
gives three independent control variables, namely 6, 05, and @.
The other control methods can be regarded as a special case. For
example, SPS is a special case when 61 = 6, = 0, and tradition
outer phase shift ¢ is equal to the center point phase shift @.

According to [37] and [38], the harmonic form of the asym-
metric waveform of v; and v, will lead to complex expression
for the inductor current, which will increase the difficulty of the
analysis about the active and reactive power as well as the soft-
switching region. So ¢, for the three-level square wave is set at
to = 61/2, which allows the voltage v; symmetric and simplify
the unified expression under the harmonic series form.

B. Unified Phasor Analysis of Inductor Current and
Apparent Power

According to the Fourier series, the three-level square wave
can be divided into a combination of the series odd order har-
monics components. The ac link primary and secondary side
voltage v; and v can be rewritten as

)
{Ul (t) = Zn:1,3.5,... %COS( 5

v2 (t) =3, _135.. 2 cos (n‘% ) sin (nwot — @)

2
where wy = 27 f; and f; are the switching frequencies.

L) sin (nwot)

ey
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In (1), the primary and secondary voltage are described as the
sum of the odd order sinusoidal components in the time-domain
form. As illustrated in Fig. 1, for the same order component,
vy is leading vo an outer phase shift @. Besides, the amplitude
values for all order components of v; and vy, are dependent
on their inner phase shift angle ¢, and 65, respectively. Since
voltage v; and vy are periodic functions, they can be transferred
into the phasor expressions in the complex number form as

[ ]
Vi = 271:1,3,5,. 4V1 cos ( & )

Vo = 277,:1,2,3,...

5 cos (n%2) [cos (n®) — j sin (n®)] .

2

Fig. 3 shows the phasor diagrams for Vl, Vg, VL, and I L,
where V; is the reference vector and it is always laid on
the positive real axis. The phase of Vi is maintained at zero
and the norm is |V; | = (4V; /nm)cos (nf; /2), which is decided
by the input voltage amplitude V; and primary inner phase shift
angle ¢, . The vector Vg is the secondary ac voltage, the norm of it
is decided by the output voltage amplitude V5, and secondary in-
ner phase shift angle 6y, which is |Vy| = (4V4 /na)cos (nfy /2).
According to (1) and (2), V5 is lagging angle @ from Vi. As
illustrated in Fig. 1, V1 and V2 can be seen as connected via an
ideal inductive reactance network. Thus, the inductor voltage
can be seen as the difference between V1 and Vg The inductor
voltage V7, can be calculated by the vector operation as

‘;L:‘;ifvz

= 2 L)
= z —COS n;
n=1,3,5,... nm

AT (neg) (cos (@) _jsin(@))} L3

nm

Then, the reactance for the inductor is Z; = jnwL, so the
inductor current I; can be calculated as

hd ‘;L 4 92 .
Iy = Z = nz%% e {VQ cos <n2> sin (n®)
+7J <V2 cos (neg) cos (n®) — Vj cos (n%)) } .

“)

In Fig. 3, the relationship among Vl, Vg, VL, and I 1, varied
with outer phase shift angle @, is also illustrated. Re and Im
represent the real and imaginary axis. The blue vector Vi is
the reference vector and the vector length of it is equal to |V1 |.
The red vector V5 is lagging outer phase shift angle @ from
Vi and its length is equal to W2| Due to the outer phase shift
® € [—7, 7|, a complete phasor diagram for the DAB ac stage
can be divided into four modes. The boundary of the V; is the
red half circle locus. The inductor voltage V, is the black vector
which is plotting from the tail of V; to the tail of the V5. The
inductor current I is lagging 7/2 from the V7, which is plotted
by the green line.
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Fig. 3.
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(a) Phasor diagram for the DAB when Vi is leading Vs, and \Vl\ < \Vz |. (b) Phasor diagram for the DAB when Vi is leading V, and \V1| > |V2 |

(¢) Phasor diagram for the DAB when V; is lagging V5 and \Vl | < |V2 |. (d) Phasor diagram for the DAB when Vi is lagging Vs and |V1 | > |V2 |

There are four operation states in Fig. 3(a) when the norm
|Vi| < |Va|. In the outer phase shift ®; condition, the inductor
current I, is located in the first quartile, so both the active part
and reactive current is posmve In the moment ®,, vector VL is
perpendicular to the vector Vi,so Iy is parallel to the Vi ,which
eliminates the reactive power. In that condition, Vl, Vg, and I L
consist of a right triangle, where

V5 cos (622) cos (P) =V cos <€21> ) (5)

The operation state for the ®; and ®, is similar. The phasor
Ipis moving to the third quadrant, so the active current is still
positive, while the reactive current becomes negative. Compared
with the ®; condition, the ®5 in the region ® € [7/2, ] clearly
has higher reactive current with same active current due to the
higher angle down from the real axis. The phasor diagram for the
|V1 | > Vs | condition in Fig. 3(b) has similar variation condition,
except it does not contain a positive reactive current condition
like P or the zero reactive current condition in ®s.

In the two-port network, the current flow in the network con-
sists of the input and output current. In this single inductor
network, the network current or inductor current, in this case, is
the sum of the input and output current as follows:

I, =1+ 1 =2I. (6)

in out in

According to (2)—(6), the apparent power of the DAB can
be calculated by the inductor current and primary side volt-
age with phasor analysis in the complex number form. Because
the system is a two-port network, the apparent power includes
both the input and output power. Besides, the reactive power
can be generated by the same order components or mismatch
order components [32]. In order to simply equations, the ac-
tual apparent power S, = P, + jQ, can be normalized with a
unified power Py = V1"V, /(8fs*L), and the normalized ap-
parent power S, active power P, and reactive power Q can be
obtained. Based on (1)—(6), the normalized apparent power S
can be calculated as (7) shown at the bottom of this page, where
P is the overall unified active power, () is the overall unified
reactive power, (), — ,, is the unified reactive power caused by
same order current and voltage components, (), 2, is the uni-
fied reactive power caused by different order current and voltage
components, and K = V; /V4 is the voltage conversion ratio.

According to (7), the apparent power Sis expressed by a sum
of an infinite series. So the total amplitude of the apparent power
S is related to the number of the harmonics components. Fig. 4
shows the unified reactive power Q varied with unified active
power P with sum of different harmonics components. Curves
form,n =1and m,n = 1, 3 indicates that the increasing num-
ber of the harmonics components has obvious influences on the
accuracy of the harmonics analysis. Furthermore, it can be seen
that the impact of the number of harmonics components is de-

é: Vi Iin :P+jQ:P+ij:n+ijrli7£n =

>

% {cos <n921> cos (n(g;) sin (n@)}

91 9 92 91 92 01
3 3 _ 2 3 S (b 2 2
COb(mz)\/COb <n2> kcos<n2)c05(n2>cos(n )—|—]<J COS <n2> (7)

n=1,3,5,..
32 0 0 0
+7 Z 53 [COS <n21> |:COS (n;) cos (n®) — k cos <n21>”
n=1.,3,5,..
. 32
Y e
m.,n=1,3,5,..
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Fig. 5. (a) Phasor diagram of unified reactive power Q varied with unified

active power P using different control methods when & = 1. (b) Phasor diagram
of unified reactive power Q varied with unified active power P under different
voltage conversion ratio.

creasing with the increasing sum terms. For m,n =1, 3, 5 and
m,n =1, 3,5, 7, the difference is small and can be ignored.
It is due to the coefficient of each component that is equal to
32/n*73, so the coefficient is inversely proportional to three
times the power of n. Based on the above analysis, the number
of harmonics components is limited tom,n = 1, 3, 5, 7 because
the higher order has little impact on the analysis.

The apparent power S using different control methods with
complex coordinate system is shown in Fig. 5. The X-axis is
the real part or active power, whereas the Y-axis is the imag-
inary part or reactive power. Here, typical control strategies
with specified phase-shift variables are illustrated and compared
with the unified phasor method. Specifically, EPS1 is for the
01 =7/4, 0 =0,EPS2isfor 6y =0, 6y = /4, DPS is for
6, =m/4, 65 =7/4, and SPS is for 6; =0, 6, = 0. Com-
pared with the traditional piecewise time-domain model, the
apparent power S shows a closed locus under harmonics anal-
ysis. In the complex coordinate system, the positive or negative
stand for the power transmission direction, and the amplitude is
determined by absolute value. Specifically, the positive active
power means the overall active power is transferring from vy
to v, while the negative active power means the overall active
power is transferring from v; to vy. Due to the symmetry of
the apparent power S , there are two unequal reactive power to
specify active power, which is caused by the symmetric func-
tion of the outer phase shift ; and & in Fig. 3. In the practical
design, the control with lower reactive power is usually used.
The comparison among EPS, DPS, and SPS is illustrated in
Fig. 5(a), which indicates that EPS and DPS can significantly
reduce reactive power for the same transmission power com-
pared with the SPS control. Furthermore, under the specified

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

phase-shift conditions, EPS1 can reduce more reactive power
than EPS2, while DPS shows similar reactive power reduction
with EPST1.

Fig. 5(b) shows the phasor diagram of unified reactive power
Q varied with unified active power P under different voltage con-
version ratio k. For the condition of k¥ = 1, the absolute value of
reactive power is first increasing from zero with the increasing of
the unified active power, then it is increasing with decreasing of
the unified active power. The changing relationship between ac-
tive and reactive power is similar for other values of k, the locus
of the apparent power is translational and moving forward to the
reactive axis. Fig. 5 shows that the unified phasor diagram can
unify all possible strategies effectively for the DAB converter
with bidirectional power flow capability. Since the relationship
between active and reactive power for different controls can
be accurately described by apparent power S, a universal
optimization method for bidirectional power flow condition can
be obtained through the unified apparent power S according to
the (7).

III. OPTIMIZED THREE-LEVEL MODULATED PHASE SHIFT
CONTROL BY PSO

A. Particle Swarm Optimization

From the above analysis, the fundamental component is the
taking majority value of active and reactive power in the DAB
converter. So it can be used to represent actual active and reactive
power with a negligible error. In order to improve the efficiency
of the DAB converter, the minimum reactive power operation
state with required active power must be located. It can be seen as
amathematical optimization problem that is aimed at finding the
global extremum of the function subject to equality constraints.
Considering the merits of PSO in terms of computational burden,
parameter dependence, and convergence speed, here a PSO-
based method is discussed under the aforementioned unified
phasor expression.

In the PSO, a group of particles is moved by the equations
which are related to their current position and velocity. The
current position of particles is X; = (Xj1,..., Xiq), and the
current velocity of particles is V; = (V;1,..., Viq). In order to
determine the best behavior of particles, the objective function
f(z) is introduced to judge the behavior of the swarm. Af-
ter choosing the objective function and constraints of the PSO
calculation, the search procedure based on the historical posi-
tion and velocity of each particle and their neighbors can be
expressed as follows:

Vi(t+1) =wVi(t) + ¢; - rand - (Pbest; — X;(t))
+ ¢o -rand - (Gbest; — X;(t)) (8)

where ¢ is the iteration number, rand is a random number be-
tween 0 and 1, Pbest; is the best position of ith particles, Gbest;
is the best position of all particles, ¢; and ¢, are the weighting
factors, w is the iteration weights factor, and d is the dimension
of function.
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The position of the particle is updated by the following:
Xi(t+1) = X;(t) + Vi(t +1)
X;(t) = (X1 (2),..., Xia(t)). )

The update position of the swarm is determined by the his-
torical position and updated velocity with the expressions as

Phbest; (t) = (Pbest;1 (t), ..., Pbestiq(t))

Gbest; (t) = (Gbesti1 (), ..., Gbestiq(t)) . (10)

Expression (12) shows the best position for individual particle
and an entire swarm of particles. If the current position of the
individual particle is better than their historical position, Pbest;
will be updated as the current position. Furthermore, Gbest;
will be updated when swarm achieves a better position than
historical swarm position.

The iteration weight factor can determine the influence of
the previous particle velocity on the next particle velocity. The
large iteration weight can enhance the global search ability at
the starting iteration stage, while the small iteration weight can
improve the speed of the global search. Here, a time-varying
iteration weight factor is proposed for gaining selfadaption iter-
ation weight factor, which can be calculated as follows:

t

(Wmax - wmin)
max

W = Wmax — (11
where wWmax and wp, 18 the maximum and minimum value of
the weight factor, ¢ is the number of the inertia, and ¢, is the
maximum number of the inertia. In this paper, the upper limit
wmax = 0.8 and lower limit wy,;, = 0.2. The weighting factor
c; is also called the individuality weight which can determine the
learning ability of the best historical position for the individual
particle. The weighting factor ¢, is the global weight of the best
historical position for global particle. In order to balance the
individual and global learning ability, ¢; and ¢y are equal to 2
in this algorithm.

B. Objective Function for Minimizing the Reactive Power

In order to find the minimum reactive power operation point
by the PSO, the objective function f(x) is expressed as follows:

f(z) = min [Q]

where Q is the overall reactive power withm, n =1, 3, 5, 7.
According to (7), the objective function can be rewritten

as (13) shown at the bottom of this page. In the same time,

constraints based on the operation principle of the DAB con-

12)
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verter are shown as follows:
P=F
0, € [—m,
1 € [-m ] (14)
0y € [—m, 7|
¢ € [—m, 7

where P, is desired active power. Those constraints can be
divided into two categories, the linear constraint and the
nonlinear constraint. The linear constraint 6, € [—7, 7], 0s €
[-7, 7], ¢ € [—m,x] is the upper and lower limit of three in-
dependent variables. It can easily be applied to the PSO algo-
rithm by setting the upper boundary and lower boundary of vari-
ables 0y, 6, and ¢. However, the nonlinear equality constraints
P = P, are hard to directionally use in the PSO algorithm. So
the penalty function can be used to achieve the constraint by
adding penalty function into the objective function. It assumes
that an objective function F'(y, 0,9, ¢) consists of fitness func-
tion and penalty function which can be written as follows:

F(913027¢) = Q(917927¢) +NJO‘(913023¢)

where Q(61, 05, ¢) is the fitness function of the reactive power,
a(f1,05, @) is the penalty function, and p is the penalty co-
efficient. Since both the positive and negative reactive power
components are considered, the absolute value of the fitness
function Q(6;, 02, ) will be used.

F(017623¢) = |Q(017927¢)| +/’La(017623¢)

where the penalty function «(6;,0s,¢) is used to address the
unconstrained optimization problem. The penalty term on ob-
jective function can penalize any values which are greater than
zero, which ensure that the minimum value of the penalty func-
tion is achieved when equality constraint is ensured. In this case,
the nonlinear equality constraint P = F is expressed as

15)

(16)

P — Py =cos(0/2)cos (02/2)sin (¢p) — By.  (17)

In order to ensure that the penalty term can add value when the
constraint is violated, the equality constraint can be converted
into a quadratic loss function that is expressed as

(01,02, 0) =P — Py)* = (cos(0y /2)cos(0y /2)sin(¢) — By)>.
(18)

According to penalty function (18), the minimum value of
a(f1,02, ) occurs when P = Fy. So the equality constraint
is achieved in the objective function. Based on (16) and (18),
the new unconstrained function F (6, 65, ¢) is adopted as (19)

Q01,0:,0) =

71:123;5,__ 757273 {COS <n621> {COS <n922) cos (n®) — k cos (n%)”

32
T Z mn2ms

m,n=1,3,5,..

() o

02 91 92 91
_ 2 x — 3 = : (b 2 <2 —
2) kcos<n2>c05<n2>c%(n ) + k2 cos <n2>]

(13)
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Initialization velocity and position of
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(-7 , m) of variables (;, 0,, @)

v

Read the desired active power P,

v
Evaluates variables based on the
objective function F(0,, 6,, @)
h 2
Compare fitness values of particles
within current iteration and update the
Pbest
h 4
Compare overall Pbest and update the
Gbest

!

Update velocity and position of
particles

Maximum iterations ,,, is
reach

Gbest is stable over 50
iterations

Update optimal (87, 62, @)

'

Generate gate signal for .§;~S, and

Q1~Q4

Fig. 6. Flowchart of the proposed PSO optimization method.

shown at the bottom of the page. In order to enhance the penalty
function, the penalty coefficient p is equal to 100. The objective
function F(01, 05, ¢) can be used as the fitness function of the
PSO control. The optimization flowchart is illustrated in Fig. 6.
In the start stage, constraints for the fitness function includes
lower and upper boundary and the desired active power Py for
penalty function are loaded into the fitness O function. After that,
the PSO algorithm will conduct fitness evaluation, then update
Pbest and Gbest as well as the velocity and position of particles.
The termination condition for the PSO algorithm is based on
two criteria. If the maximum iteration t,,,x is reached or Gbest
is stable over 50 generations. The stable criteria for Gbest is
that the change of Gbest is less than 107 over 50 iterations.
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In this case, the minimum reactive power is already achieved
so PSO needs to be force interrupted to reduce run time. After
that, optimal variables (61,602, ¢) are updated and gate signals
are generated.

C. Comparative Evaluation of the Apparent Power by a
Unified Phasor Diagram

Here, the proposed PSO-optimized phase-shift control
(POPS) with the aim of the minimum reactive power is evalu-
ated through MATLAB simulation. According to the principle
of the PSO algorithm, the optimized position of the swarm con-
tinually updates the Pbest and Gbest, so the iteration number
of generations may influence the final optimized position. The
relationship between Pbest and Gbest varied with the maximum
iteration ¢, is shown in Fig. 7 when the voltage ratio k = 2
and desired unified transmission power Py = 0.5. It can be seen
that the Gbest will be stabilized and the Pbest will approach
the Gbest during the increase in the generations. According to
Fig. 7(c), the Pbest has been reached and stabilized at the same
level of the Gbest when t,,, = 150. It indicates that the opti-
mization processing of the PSO algorithm needs enough number
of iterations 7 to ensure the final optimized result, but the larger
iteration will significantly raise the run time of the PSO opti-
mization. Finally, the maximum iteration ty,x is finally set as
300.

Fig. 8 shows the phase shift and reactive power varied with
the number of iteration. It can be seen that phase shift with var-
ious unified active power condition requires different iteration
number for stable. According to Fig. 8(a)—(c), the minimum
stable generation number for P = 0.2, 0.4, 0.6, 0.8 is around
t =55, 40, 25, 10, so lower active power P needs larger sta-
bilizing generation times. In Fig. 8(d), the increasing iteration
number can significantly reduce the target reactive power until
it reaches the global minimum reactive power. A smaller nor-
malized active power condition P leads to larger initial reactive
power and number of iteration for reaching minimum reactive
power.

According to the above analysis, the apparent power of vari-
ous control schemes including SPS, EPS, DPS, and POPS can
be illustrated by the unified phasor analysis. Fig. 9(a) shows the
locus of normalized reactive power varied with unified active
power under different control methods. Specifically, parameters
for these strategies are: EPS1 is with “0; = 7/4, 60, = 0,” EPS2
is with “0; =0, 6y = /4, DPS is with “0; = 7/4, 6y =
/4, and SPS is with “; = 0, 6 = 0.” The outer phase shift

F(91792u¢) = |Q(617027¢)| —|—,ua(91,92,¢)

>

n=1,3,5,..

353

32

o (2 o (2 ) om0 s (2]

32

+ —
mn2m3

2.

m,n=1,3,5,..

N { 32
H173 73
n=135,. LT

o 9 0 0, ) 6,
.t ; 22\ _ 9k cos [ nZE 22 s (nd 2 cos2 [ nt
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Fig. 9. (a) Phasor diagrams of the positive direction apparent power for dif-
ferent control methods when k = 2. (b) Reactive power of different control
methods when P = 0.6 varied with voltage conversion ratio k.

@ belongs to (0, 7), the apparent power is a locus that can reach
the imaginary axis twice with the given range of @. Here, the
reactive power located in the top half part of the locus is used
with the range of the outer phase shift @ (0, 7/2). By comparing
those control methods, it is clear that the increase of the inner
phase shift 8; and 6, has a negative influence on the maximum
active power transmission ability. Under the specified parame-
ters, SPS has larger maximum transmission power than EPS1
and EPS2, DPS has the lowest power among all the control
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Fig. 10. (a) Phasor diagrams of the negative direction apparent power for

different control method when & = 2. (b) Reactive power of different control
method when P = —0.6 varied with voltage conversion ratio k.

strategies, while SPS and POPS can reach the maximum unified
active power P = 1. According to Fig. 9(a), EPS1, DPS, and
POPS have lower reactive power than SPS, in which POPS has
the lowest reactive power. In light load condition, when P is less
than 0.55, the reactive power of the POPS control is equal to
zero. Fig. 9(b) is the reactive power varied with the voltage con-
version ratio k when the active power P = 0.6. For EPS, DPS,
and SPS control, the reactive power is increasing linear with the
increase of k. Compared with those methods, POPS can signifi-
cantly reduce the reactive power in any voltage conversion ratio
k condition, especially for the higher k condition.

In order to investigate the bidirectional power flow ability,
the reverse operation mode of the DAB converter is shown in
Fig. 10. It can be seen that the reactive power varied with positive
direction transmission power P and the voltage conversion ratio
k are the same as the forward power flow mode. The reactive
power is increasing along with the unified active power and
voltage conversion ratio, while the POPS has the lowest reactive
power. So, it proves that POPS is not only suitable for the
forward power flow condition, but also available for the reverse
operation mode.

Fig. 11(a) shows the changes of phase shift varied with the
unified active power. It can be seen that the primary and sec-
ondary inner phase shift 0,60, are decreasing along with the
increasing active power P, while the outer phase shift ¢ is al-
ways maintained around 1.5 rad. The secondary inner phase
shift #3 drops much faster than primary inner phase shift #; and
reach zero when P = 0.55. When the active transmission power
P = 1, POPS has phase shift §; = 0,60, = 0, ¢ = 7/2 which is
same as SPS control. Fig. 11(b) indicates that both 6; and ¢
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Fig. 11.  (a) Phase shift variations with the unified active power under buck
mode. (b) Phase shift variations with voltage conversion ratio k& under buck
mode.
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Fig. 12. (a) Phasor diagrams of the positive direction apparent power for
different control methods when k = 1/2. (b) Reactive power of different control
methods when P = 0.4 varied with voltage conversion ratio k.
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Fig. 13. (a) Phasor diagrams of the negative direction apparent power for
different control methods when k& = 1/2. (b) Reactive power of different control
methods when P = 0.6 varied with voltage conversion ratio k.
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Fig. 14.  (a) Phase shift variations with the unified active power under boost
mode. (b) Phase shift variations with voltage conversion ratio k£ under boost
mode.

are maintaining stable when 6 is rapidly decreasing to the zero
during the increasing of the voltage conversion ratio k.

Under the boost mode with the voltage conversion ratio
k = 1/2, main results are illustrated in Figs. 12—14. Under the
buck mode, the reactive power is always in the negative direc-
tion, as illustrated in Fig. 8. However, under the boost mode, the
reactive power exists in both positive and negative directions.
Thus, the direction may affect the searching of the minimum
reactive power and the absolute value of the fitness function
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Q(01,05, @) has been used to avoid the influence of direction
change. The comparison among SPS, EPS1, EPS2, DPS, and
POPS under boost mode shows different results from those un-
der the buck mode. When the unified reactive power P < 0.6,
the reactive power is located on the positive half axis. EPS1 and
DPS clearly have larger positive reactive power than SPS and
EPS2. However, when reactive power is located in the negative
half axis, EPS1 and DPS have less reactive power than SPS and
EPS2. It indicates that the fixed-inner-phase-shift methods like
EPS1 and DPS under buck mode may not guarantee a reactive re-
duction especially for the light load condition. Fig. 12(a) shows
that POPS can ensure the lowest reactive power operation under
all load conditions. Furthermore, POPS can be stable at zero re-
active power before P = 0.8. The relationship between reactive
power and voltage conversion ratio is shown in Fig. 12(b). When
the reactive power is in the positive direction, the increasing k
will lead to the decreasing reactive power and the SPS has lower
reactive power than EPS1 and DPS. For the negative direction
reactive power, as illustrated in Fig. 13, the increasing k will
lead to the rising reactive power and the SPS has larger reac-
tive power than EPS1 and DPS. For given operation condition
P =0.6 and k£ = 1/2, POPS can ensure zero reactive power.
The changes of phase shifts 6;,6,, ¢ varied with P and k un-
der buck mode are illustrated in Fig. 14. The center phase shift
¢ is around 1.5 rad, while 6, 0y are rapidly reducing to zero.
For the voltage conversion ratio variation condition, ¢ is stable
at the 1.5 rad. The primary inner phase shift #; is increasing
with the rising k, while the secondary inner phase shift 65 is
decreasing with the rising k.

D. Soft Switching Boundary Analysis by Unified
Phasor Diagram

In order to investigate the zero voltage switching (ZVS)
boundary of all switches, the inductor current for each switch
turning ON the moment is required. In the DAB converter, it
has four switches S1—S; on the primary-side full bridge and
(Q1—Q4 on the secondary-side full bridge. Those switches can
be divided into four switches pair: S 5, S5.4, Q1,2, and @3 4
because complementary switches on the same bridge arm have
the same ZVS boundary. According to the principle of the ZVS,
the soft-switching boundary conditions are expressed as

S3.4: I (wot =61/2) <0
5112 :IL(WOt:’ITfel/Q) ZO
Q3.4 : I (wot = ¢+ 65/2) >0

QLQZIL(wotZW—l-é—eQ/Q)SO. (20)

After combining inductor current constraint of the ZVS in
(20) and inductor current equation in (4), ZVS boundary for
each switches pairs can be expressed as (21) shown at the bot-
tom of the next page. According to (21), the ZVS boundary
of four switches pairs can be expressed as the maximum and
minimum value of the voltage conversion ratio k, which can be
calculated by the given inner phase shift 6, 65 and center point
phase shift ¢. When the operation voltage conversion ratio k is
larger than the calculated primary ZVS boundary, the primary
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Fig.15. (a)ZVSregionforf; = 0,602 = 0under SPS control. (b) ZVS region
for §1 = 7/4,6> = 0 under EPSI control. (¢c) ZVS region forf; = 0,6, =
7 /4 under EPS2 control. (d) ZVS region for ¢; = 7 /4,602 = 7/4 under DPS
control.

side switches S1—S, can turn ON as soft switching. When the
operation voltage conversion ratio k is lower than calculated
secondary ZVS boundary, the secondary side switches QQ1-Qy,
can turn ON as soft switching.

As shown in Fig. 15, the ZVS boundary of each switch pairs
varied with unified active power P is presented and the full ZVS
region is marked by blue area. Itis clear that a larger transmission
power can extend ZVS region and the inner phase shift 6;, 6,
has an obvious influence on the ZVS boundary of all switch
pairs. For the SPS control, it can ensure soft switching for all
switches under all load conditions when k£ = 1. In Fig. 15(b),
EPS1 with inner phase shift §; = 7/4 significantly raises the
ZVS boundary of switches S3 and Sy, while slightly extending
ZVS boundaries of S} 2, Q1,2, and Q3 4 switches. It indicates
that EPS1 can easily achieve zero-voltage switching under high-
voltage conversion condition than SPS control. The influence of
secondary inner phase shift 65 is shown in Fig. 15(c). EPS2
narrows the ZVS boundary of ) 2, while slightly extends ZVS
boundaries of S 2, 534, and (3 4. So it can ensure larger fully
soft switching under lower k conditions than SPS control. Due
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Fig. 16. (a) ZVS region under POPS control when k£ = 2. (b) ZVS region
under POPS control when k& = 1/2.

to the primary and secondary inner phase shift, DPS control can
extend ZVS boundary of S; » and @) 2, but the overall ZVS
region is dramatically reduced under various k conditions.

The ZVS boundary of the POPS control for k = 2and k = 1/2
are shown in Fig. 16. Because the ZVS boundary condition of
Si2 and Q3,4 can always achieve in the POPS control, so the
overall ZVS region depends on the ZVS boundary of S5 4 and
Q1 2. According to Fig. 16(a), the ZVS condition of the POPS
under £ = 2 can be divided into three different conditions var-
ied with transmission power. When the transmission power P
belongs to 0 to 0.45, the S3 4 can achieve soft switching and
the ) 2 acts as hard switching. The secondary ZVS condition
occurs during P = 0.45 to P = 0.55, the (); » can ensure soft
switching condition while the S5 4 becomes hard switching op-
eration state. The final condition is that POSP can ensure soft
switching of all switches when the transmission power is larger
than 0.55. Based on the above analysis, it is clear that POPS can
ensure at least three switch pairs—S) 2, (3.4, and S3 4 or Q1 o
achieve zero-voltage switching, and achieve full ZVS operation
since transmission power P is larger than 0.55. Fig. 16(b) shows
the corresponding analysis for the boost mode. Compared with
ZVS region of SPS, EPS1, EPS2, and DPS, the proposed POPS
under k£ = 2 can achieve an additional switching pairs in the
light load and larger full ZVS operation region sin P = 0.55.

IV. EXPERIMENTAL RESULTS
A. Experimental Prototype

In order to verify the theoretical analysis, a prototype of DAB
converter was built and main parameters are listed in Table I.
The SPS, EPS, and POPS control methods were implemented

k ( > %) > % [sin (na/2) sin (nd) + cos (na/2) cos (nd)]
n=1,3,5,.. n=1,3,5,..
k ( dcos (na/2) 6231(3:52)> > > dcos(nf/2) C,ff;:iff) [cos (na/2) cos (nd) — sin (na/2) sin (nd)]
n=1,3,5,.. n=1,3,5,.. (21)
k ( deos ("H,:Zifo)zos(mm)) < ¥ dcos(nf/2) C;ifgff) [sin (nd + nB/2) sin (nd) + cos (nd + nB/2) cos (nd))
n=1,3,5,.. n=1,3,5,..
k ( dcos (H(S;:Lz“i/jgzos ("a/2)> < Acos(nb/2) 3?5753522) [sin (nd — nB/2) sin (nd) + cos (nd — nB/2) cos (nd))
n=1,3,5, n=1,3,5,
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TABLE I
PARAMETERS OF THE DAB CONVERTER PROTOTYPE

Item Parameter
Transformer turns ratio N 2
Inductance Lg 60 uH
Switching frequency f 20 kHz
Maximum input voltage Vi, 200V
Maximum output voltage Vot 200V

Vout ref

V., l

+

out p— HI
X— P
\i' Hz S~S8y
POPS

Voltage P Co ant.rol , om0,

Vin Conversion———» Algorithm
— > ratio
Fig. 17.  Control implementation of the POPS algorithm.

TABLE II
COMPARISON OF THE EXECUTION TIME IN DSP CONTROLLER

Control Time (cycle)  Time (ms)
Open-loop control 755906 5.039
Proposed POPS control (With initialization) 762761 5.085
Proposed POPS control (After initialization) 1057 0.007

in DSP28335 and applied to the built prototype for evaluation.
The performance in terms of reactive power and efficiency was
investigated for a wide input voltage range and different load
conditions.

B. Control Implementation

Fig. 17 illustrates the implementation diagram of the proposed
POPS control algorithm for the experiments by using the DSP
TMS320F28335. The PI voltage controller was used to regulate
the output voltage with its output as the primary inner phase
shift variable 0; . The PSO algorithm was implemented in an of-
fline manner by using the method of lookup table. Specifically,
the input variables of POPS algorithm are the primary inner
phase shift variable #; from the output voltage PI controller and
the voltage conversion ratio k. The output variables of POPS
algorithm are the secondary inner phase shift variable ¢, and
outer phase shift variable ¢. POPS can obtain the optimal vari-
ables of 6, and ¢, which were stored in a numeric table and
loaded into the DSP board. Then, the enhanced pulse width
modulator (EPWM) module was used to generate gate signal
for switches S7 ~ Sy and (Q; ~ Q4. Since the proposed control
scheme requires only two voltage sensors to measure the input
and output voltage, the cost is low since there is no expensive
current sensor needed.

Table II shows the measured computation cycle and time
with the proposed algorithm in DSP in order to evaluate the
computation burden. Both the open-loop and the closed-loop
controls with POPS algorithm were implemented and their
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execution time was recorded by using the interrupt timing func-
tion of DSP board TMS320F28335. Considering that the POPS
algorithm was implemented in an offline manner, relative long
initialization is required to load the calculated numerical table
into the DSP board. Thus, Table II lists the measures, cycles,
and time for both the proposed POPS algorithm with initial-
ization and after initialization. It shows that extra 6855 cycles
or 46 us were required to implement the proposed POPS with
initialization compared with that of the open-loop control. The
total measured increase of the execution time was just 1% of that
with the open-loop control. Furthermore, since the initialization
process will be executed just one time for the table loading
into the DPS board, the real execution time for the POPS al-
gorithm after initialization is 1057 duty cycles, which is 7 us.
Since the switching period of the DAB converter is 50 ps ac-
cording to Table I, the required time for running POPS control
after initialization is much less than the switching period. Thus,
the computation burden increases when the proposed algorithm
is low.

C. Verification of the Harmonic Phasor Analysis

The experimental and theoretical waveforms by the proposed
phasor expression for SPS, EPS, and DPS control when Vj;, =
75V and Vg, =75V are shown in Fig. 18. Based on those
figures, it is clear that the theoretical waveforms based on the
harmonicas analysis well match the experimental waveforms for
different control strategies. It demonstrates that the harmonics
phasor analysis is accurate enough to represent the operation
status of the DAB converter with all control methods.

D. Steady-State Experimental Results

First, the forward and buck operation is evaluated. Fig. 19
shows experimental waveforms of SPS, EPS with “0; = 7 /4,”
and POPS control when k = 2 and P = 1200 W. The reactive
power is represented by the opposite direction current and volt-
age since this part current will be circulating inside the input or
output side bridge. From the waveforms of SPS and EPS, it is
clear that both have obvious reactive power, while the SPS has
larger reactive power than EPS. On the contrary, POPS can ob-
viously eliminate the reactive power with the same transmission
power because the larger inner phase shift angle 6; of POPS can
significantly reduce the backflow current, and then reduce the
overall reactive power. For ZVS operation, different colors are
used in Fig. 19 for different switches. Specifically, blue dotted
circle represents the ZVS for S5 4. Similarly, blue circle repre-
sents the ZVS for .S} », red dotted circle represents the ZVS for
Q@3,4, and red circle represents the ZVS for Q3 4. Fig. 19 shows
that under the heavy load condition, SPS control can only en-
sure primary switches S o and S5 4, while EPS and POPS can
achieve soft switching of all switches. Compared ZVS bound-
ary of EPS, it is clear that POPS has a larger margin for soft
switching.

Main experimental waveforms of SPS, EPS, and POPS under
k =2 and light-load condition of “P = 600 W” are shown in
Fig. 20. It can be seen that the reactive power under light load
condition still exists in the DAB converter for both EPS and SPS,
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Fig. 21. Experiment waveform for the forward, buck mode (larger k), and heavy-load condition: Vi, = 200 V, Vi, = 160 V, and P = 1200 W. (a) SPS control.
(b) EPS control. (¢c) POPS control.

which can cause addition reactive power and reduce efficiency. POPS can ensure six switches S1—S; and (Q3—(Q)4 operating as
However, POPS control can also eliminate the backflow current  ZVS soft switching, while the EPS and SPS only have primary
and ensure lower reactive power under the light load condition.  side switches S1—S; under ZVS.

Compared with heavy load condition in Fig. 19(c), POPS in the The performance of SPS, EPS, and POPS under a larger volt-
light load condition modifies both the primary and secondary age conversion condition £ = 2.5 and P = 1200 W are evalu-
inner phase shift 6; and 6, in order to achieve better reactive ated and main experimental results are shown in Fig. 21. Com-
power reduction performance. Under the light load condition, pared with those waveforms under £ = 2 in Fig. 19, it can be
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seen that the reactive power under all control methods is increas-
ing. It proves the theoretical analysis that increasing voltage
conversion ratio can lead to larger reactive power. In the same
time, SPS can only achieve ZV'S on primary side switches, while
both EPS and POPS can achieve ZVS for all switches.

The experimental waveforms for the reverse, buck mode, and
heavy-load condition with SPS, EPS, and POPS under k£ =2
and P = 1200 W are shown in Fig. 22. Compared with the
forward mode, as illustrated in Fig. 19, the waveforms of reverse
mode are similar, including both the ZVS and backflow power
performance. Among all the control methods, POPS clearly has
the least reactive power than others.

The experimental DAB converter for the boost operation is
also evaluated. Fig. 23 shows main experimental waveforms for
the boost mode when k£ = 0.5 and P = 300 W. It can be seen
that both EPS and POPS can eliminate the backflow current
and achieve ZVS on six switches. However, POPS has a larger
margin for ZVS boundary of S3 4 which can ensure ZVS under

lower-load condition. As illustrated in Fig. 24, under the light-
load condition, POPS can ensure 5 2, Q1 2, and ()3 4 operating
as soft switching, while SPS and EPS can only ensure )1 » and
Q@3,4 under ZVS.

Fig. 25 shows the experimental results for a larger mismatch
voltage condition k = 1/3 and P = 300 W when input voltage
Vin =50V and output voltage Vi, = 200 V. It can be seen
that the backflow current using SPS is significantly increasing.
Although EPS and POPS still reduce the reactive power to some
extent, especially the input-side reactive power, verification of
the harmonic phasor analysis in the output-side reactive power
cannot be eliminated. Furthermore, compared with the buck
mode, the DAB converter using the POPS shows higher reactive
power and smaller ZVS region.

Fig. 26 shows the comparison of reactive power using dif-
ferent control methods, including SPS, EPS, and DPS, the pro-
posed POPS, and the minimum rms current phase shift con-
trol (MPS) proposed in [11]. For the buck mode “k =2, as
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Fig. 26. (a) Reactive power Q under various control methods varied with

transmission power P when Vi, = 200 V, Vs = 200 V. (b) Reactive power Q
varied with output voltage Vo when P = 1200 W, Vi, = 200 V. (c) Reactive
power Q under various control methods varied with transmission power P when
Vin = 50V, Ve = 200 V. (d) Reactive power Q varied with input voltage Vi,
when P = 300 W, Vo = 200 V.

illustrated in Fig. 26(a), the input voltage and output voltage
maintain at 200 V and transmission power is changing from 300
to 1800 W. Fig. 26(a) indicates that POPS and MPS show very
similar performance in minimizing the reactive power for the
whole range of the transmission power. Actually each of them
can be regarded as the best strategy for the reactive power re-
duction among all these strategies. EPS has less reactive power
than DPS and SPS control. However, the difference of reactive
power among all control strategies is decreasing along with the
increasing P, the reactive power of POPS and MPS is almost
equal to the reactive power of SPS when the transmission power
is equal to 1800 W. Fig. 26(b) shows that reactive power varied
with different output voltage N V5 when input voltage Vi, is sta-
ble as 200 V and transmission power is stable as 1200 W. It is
clear that reactive power for all control strategies is decreasing
with rising output voltage V. For each voltage conversion ratio
k condition, the reactive power under EPS is slightly less than
SPS and DPS, while the POPS and MPS has the lowest reactive
power. The reactive power of MPS and POPS is very similar,
while MPS has slightly lower reactive power than POPS control
at light load condition. This experimental result support above

(b)
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Experiment waveforms for the forward, boost mode (smaller k) and heavy-load condition: Vi, = 33.3 V, V,,u = 200 V and P = 300 W. (a) SPS control.
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Fig.27. (a)Efficiency under various control methods varied with transmission
power P when Vi, = 200V, Vo, = 200 V. (b) Efficiency varied with output
voltage Voue when P = 1200 W, Vi, = 200 V. (c) Efficiency under various
control methods varied with transmission power P when Vi, = 50V, Vo =
200 V. (d) Efficiency varied with input voltage Vi, when P = 300 W, Vo, =
200 V.

theoretical analysis about the changes of reactive power varied
with k.

Fig. 26(c) and (d) illustrates the corresponding reactive power
for boost mode when k = 1/2. Fig. 26(c) shows changes of re-
active power of different control methods under boost mode
when transmission power is varied from 50 to 350 W with in-
put voltage Vi, = 50 V and output voltage Vo, = 200 V. The
reactive power varied with transmission power P can be divided
into two cases determined by different P. Case 1: when the P
is less than 220 W, EPS has largest reactive power and DPS
has larger reactive power than SPS control. Furthermore, the
reactive power for all methods is decreasing with larger active
power. The difference of reactive power is reducing along with
increasing active power. Case 2: when P is larger than 220 W,
the relationship between active and reactive power will re-
verse, the reactive power is increasing with raising active power
and the EPS has less reactive power than SPS and DPS control.
The main reason for two different cases is the change of reac-
tive power direction, which has been analyzed and illustrated in
Fig. 12. The reactive power varied with active power is first de-
creasing before P is equal to 220 W and then increasing when P
is larger than 220 W. For any case, POPS and MPS can achieve
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(a) Experimental waveforms for the load change condition with Vi, = 80 V and V,,; = 80 V. (b) Experimental waveforms of mode A with the 32 Q

load resistance. (c) Experimental waveforms of mode B with the 21.4 Q load resistance.

minimum reactive power for all load conditions, while MPS has
slightly lower reactive power than POPS control. The reactive
power varied with input voltage Vi, when output voltage Vo is
equal to 200 V and transmission power P is maintained as 300
W in Fig. 26(d). It indicates that POPS and MPS have the lowest
reactive power for any voltage conversion ratio k.

Fig. 27(a) shows the curves of efficiencies for k = 2 con-
dition varied with transmission power when Vi, = 200 V and
output voltage Voue = 200 V. The measued efficiencies of EPS
and DPS are higher than SPS control for all load conditions,
while the efficiencies of EPS and DPS are very similar. Under
all load conditions, POPS and MPS have very similar efficiency
which is higher than other controls, while MPS has slightly
higher efficiency than POPS control in light-load condition.
POPS and MPS have maximum efficiency, about 96% around
1300 W. Compared with SPS, the experimental results show
that the maximum efficiency for POPS under the rated load
is improved by 5% and the efficiency improvement under the
light-load condition is 9%. Curves of efficiency varied with the
voltage conversion ratio k when Vi, =200 V and P = 1200 W.
It shows that efficiency of all control methods are improved
with larger output voltage V5. The rank of the measured effi-
ciencies under all k conditions is POPS and MPS, EPS, DPS,
and SPS. According to the comparison result in Fig. 27(a) and
(b), it is clear that POPS and MPS can achieve the highest effi-
ciency, which agrees above theoretical and experimental result
of reactive power analysis.

The measured efficiencies of SPS, EPS, DPS, POPS, and
MPS under k£ = 1/2 condition are shown in Fig. 27(c) and (d).
Similar to the control methods under £ = 2 condition, POPS
and MPS can ensure the best efficiency in all load conditions
and reach maximum efficiency about 92% when P = 200 W.
Compared with other strategies, the experimental results show
that the maximum efficiency under the rated load is improved
by 3% and the efficiency improvement under the light-load con-
dition is high up to 5%. Fig. 27(d) indicates that the measured
efficiencies of EPS and DPS are increasing with transmission
power and significantly higher than SPS when the input voltage
is larger than 50 V. The comparison of efficiency also shows
that POPS and MPS always have higher efficiency than other
strategies. Based on above analysis, it can be seen that POPS
has very similar performance as MPS control, while MPS can

slightly reduce reactive power and improve efficiency in light
load condition. It may be because the nonreactive operation state
of POPS in light-load condition is determined by ideal model
of switches, inductor, and transformer. So additional parameter
like resistance of transformer will affect the nonreactive oper-
ation states. It may improve by introducing real model instead
of ideal model in future work. The advantage of POPS control
based on harmonic analysis and PSO algorithm is that it can
significantly reduce workload for searching optimization con-
trol algorithm. Also, it can be easily adapted to different models
and optimization target.

E. Dynamic Experimental Results

Fig. 28 shows main experiment results for the load changing
condition. Specifically, the load resistance is changing from 32
to 21.4 €2, while both Vi, and V,, are fixed at 80 V. At the
beginning, the output voltage V4, slightly dropped due to the
change of the load resistance. Then, it was observed that V5
was quickly returning to stable at the required voltage level as
80 V. It validates the correct operation of the output voltage
closed-loop control and also fast dynamic performance of the
POPS algorithm. Furthermore, waveforms for modes A and
B were zoomed and illustrated in Fig. 28(b) and (c), which
prove the effectiveness of the POPS optimization algorithm for
different load conditions.

V. CONCLUSION

This paper proposes POPS based on the unified phasor anal-
ysis with the aim to minimize the reactive power and improve
the efficiency of the bidirectional DAB converter for the whole
operation range. First, through building a unified mathematical
model based on Fourier transform for the DAB converter, accu-
rate complex mathematical expressions for the inductor current,
the transmission power, and the reactive power are obtained.
Then, the unified-phasor-based PSO is adopted to directly de-
termine the optimal phase-shift variables in minimizing the re-
active power under three-level modulated phase shift control
without a cumbersome process of the optimal operation mode
selection. Main analysis and experimental results are provided
for different voltage conversion ratio and load conditions. Vari-
ous modes, including forward mode, reverse mode, buck mode,
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and boost mode, are also analyzed. The results show that the
proposed POPS can successfully minimize the reactive power
and maintain a high maximum transmission power especially
in the high voltage conversion and light-load condition. Fur-
thermore, the ZVS region is extended using POPS, which can
reduce switching loss. Specifically, with the proposed POPS al-
gorithm, the measured maximum efficiency under the rated load
is improved by 3% and the efficiency improvement under the
light-load condition is high up to 9%. The dynamic test result
under the load changing condition validate the correct opera-
tion of the output voltage closed-loop control and fast dynamic
response of the proposed POPS algorithm.
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